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ZUSAMMENFASSUNG 

Bakterielle Lipasen stellen eine wichtige Gruppe von Enzymen im biotechnologischen und 

biomedizinischen Bereich dar. Aufgrund ihrer Fähigkeit Glycerinester zu hydrolysieren, sind 

sie in der Lebensmittel-, Waschmittel- und Pharmaindustrie sehr gefragt. In den letzten 

Jahrzehnten ist sowohl die biotechnologische Optimierung dieser Lipasen, als auch ihre 

biotechnologische Produktion auf die Bedürfnisse der Industrie angepasst worden und somit 

auch zu einem wichtigen Forschungsthema in der Wissenschaft geworden. Der erste Schritt der 

biotechnologischen Produktion der Lipasen ist die Überexpression, die sich allerdings als sehr 

schwierig herausstellt hat. So benötigen Lipasen aus Pseudomonas und Burkholderia die 

Unterstützung der Lipase-spezifischen Foldase Lif, damit sie ihre katalytisch aktive 

Konformation erreichen. Nur Lipasen in ihrer aktiven Konformation können industriell genutzt 

werden, sodass ein starker Bedarf besteht den Faltungsmechanismus dieser Lipasen auf 

molekularer Ebene zu untersuchen und zu verstehen. 

Lipasen werden nach ihren Aminosäuresequenzen und biologischen Eigenschaften in acht 

Familien eingeteilt. Familie I umfasst die Vertreter der “echten” Lipasen, zu denen auch die 

Lipase A aus Pseudomonas aeruginosa (PaLipA) zählt. Abgesehen von ihrer kommerziellen 

Relevanz ist PaLipA ein bekannter Virulenzfaktor mit Relevanz in verschiedenen Krankheiten, 

wie Mukoviszidose. Ziel dieser Dissertation war es, den Aktivierungsmechanismus von 

PaLipA durch die Lipase-spezifische Foldase PaLif mittels computerbasierten Methoden, 

zusammen mit einer strukturellen Charakterisierung durch Fluoreszenzmessungen und in vitro 

Experimenten, zu untersuchen. 

Zunächst wurde eine computerbasierte Untersuchung der Foldase PaLif in Abwesenheit der 

entsprechenden Lipase durchgeführt. Dies ermöglichte die Charakterisierung der 

Funktionsdynamik der einzelnen Domänen von PaLif auf atomarer Ebene. Zweitens wurden 

NMR-Strukturen für die stabile Domäne MD1 von PaLif gelöst und die strukturellen 
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Determinanten der MD1 Domäne bei der Aktivierung von PaLipA untersucht. Basierend auf 

diesen Ergebnissen wurde ein potentieller Aktivierungsmechanismus abgeleitet, in dem auch 

weitreichende Wechselwirkungen, die sich von PaLif bis zum aktiven Zentrum von PaLipA 

erstrecken, eine Rolle spielen. Drittens wurde die Öffnungsenergie des aktiven Zentrums von 

PaLipA in An- und Abwesenheit von PaLif durch Molekulardynamiksimulationen 

quantifiziert. Zudem analysierte ich die wichtigsten Wechselwirkungen zwischen PaLif und 

PaLipA hinsichtlich der mechanischen Stabilität. Die vorliegende Arbeit liefert somit 

molekulare Einblicke in die Aktivierungsmechanismen von PaLipA durch PaLif, was nützlich 

sein kann, um die biotechnologische Produktion von PaLipA im großen Maßstab zu 

optimieren. 
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ABSTRACT 

Bacterial lipases are an essential group of enzymes in the biotechnological and biomedical field. 

Due to their ability to hydrolyze esters of glycerol, they are highly demanded in food, dairy, 

detergent, and pharmaceutical industries. Over the last decades, optimization of these enzymes 

and their production to meet industrial needs has become a relevant research topic for the 

scientific community. For the production of these enzymes, the first step is overexpression, 

which turns out to be a difficult step. Lipases from Pseudomonas and Burkholderia need the 

assistance of the lipase-specific foldase Lif to achieve their active conformation before they are 

secreted and can be harvested. Therefore, there is a strong need to comprehend the folding 

mechanism of these lipases at the molecular level. 

Lipases are classified according to their amino acid sequences and biological properties into 

eight families. Family I represents “true” lipases. The lipase A from P. aeruginosa (PaLipA) is 

a prominent member of this family. Beyond its commercial relevance, it is a known virulence 

factor in many diseases such as cystic fibrosis. 

The goal of this thesis was to investigate the activation mechanism of PaLipA assisted by 

lipase-specific foldase PaLif by means of computational methods together with structural 

characterization by fluorescence measurements and in vitro experiments. 

First, a computational investigation of PaLif in the absence of its cognate lipase was performed. 

This allowed the characterization of functional dynamics of the individual domains of PaLif at 

an atomic level. Second, solution nuclear magnetic resonance structures have been solved for 

the structurally stable domain MD1 of PaLif. Based on this data, the structural determinants of 

this domain in the activation of PaLipA were investigated. These findings provide a putative 

mechanism of long-range interactions spanning from PaLif to the active site of PaLipA. Third, 

the energetics of active site opening in PaLipA with and without its foldase is quantified by 
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unbiased and biased molecular dynamics simulations. Finally, I analyzed the key interactions 

between PaLif and PaLipA with respect to mechanical stability, which provides the basis for a 

possible mechanism of PaLipA activation via PaLif. The work done in this thesis provides a 

detailed understanding of the mechanistic insights of the activation process of PaLipA, which 

can be useful to optimize the production of this enzyme on a large scale. 
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1. INTRODUCTION 

Over a century ago, C. Eijkman reported for the first time that several bacteria produce and 

secrete lipases [1]. Lipases have an unusual catalytic activity to hydrolyze and synthesize long-

chain acylglycerols [2] with high chemo, regio- and stereoselectivity for their substrates [1]. 

Hence, they constitute the most important and widely used class of biocatalyst for many 

industrial, pharmaceutical, and biotechnological applications [1] (section 2.3.1). The major 

limitation of the use of lipases at the industrial scale is their high production cost. Therefore, 

many studies have been initiated in order to optimize their production and to develop these 

enzymes into the perfect tool for biotechnology The production of these enzymes is a 

challenging task, as it is a multi-step process in which approximately 30 other intracellular 

proteins are involved to ensure correct folding and activation of the respective lipase 

(section 2.4.1) [1]. In addition, lipases require the complex type-2 secretion system (T2SS) 

(section 2.2.2) in order to be secreted to extracellular medium [3]. Until now, the detailed 

molecular mechanism of lipase folding and secretion is still unknown, which became the 

motivation for this thesis. 

Bacterial lipases are classified into eight different families according to their fundamental 

biological properties and amino acid sequences [4]. Lipases from Pseudomonas and 

Burkholderia belong to the subfamily I.1 and I.2 of the family I, respectively. Lipase A 

produced by the gram-negative bacterium Pseudomonas aeruginosa (PaLipA) came into the 

spotlight over a past decade due to its remarkable catalytic properties and its role as a virulence 

factor in many diseases (section 2.1 and 2.3) [5, 6]. It is one of the most prominent and well-

studied proteins of the “true” lipase family [7] with a solved structure and also the main subject 

of this thesis. PaLipA is synthesized in the cytoplasm and translocated to the periplasm via Sec 

translocase (section 2.2) [8], where it folds spontaneously to an inactive, near-native 

(intermediate) state. This near-native state of PaLipA requires the assistance of the specific 
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foldase PaLif for its conversion into an enzymatically active conformation, which is the critical 

step of PaLipA biogenesis (Figure 1) [9]. The requirement of such a foldase indicates a high 

energy folding barrier between the near-native and native state of PaLipA, and PaLif helps 

PaLipA to cross this barrier (section 2.4.2). Once activated, PaLipA traverses the bacterial 

outer membrane by using the T2SS-involving Xcp machinery (section 2.2) [10]. 

Until now, the crystal structure of many homologous lipases have been solved, and they all 

exhibit a unique core structure known as the α/β-hydrolase fold (section 2.4) [11-13]. All 

enzymes from this family depend on the presence of three amino acids to form a catalytic triad, 

which plays key roles in the catalytic reaction. Usually, a nucleophilic serine, a histidine, and 

an aspartate or a glutamic acid form the catalytic triad at the binding site of lipases [14]. Lipases 

also contain an oxyanion hole and a lid domain [15]. Remarkably, helix α5 forms the lid, which 

shields the catalytic triad residues from the solvent, and thus prevents the substrate from 

entering the binding site [16]. Several lipases are crystallized in the closed inactive 

conformation where the lid domain occludes the binding site (section 2.4). The crystal structure 

of PaLipA (PDB code: 1EX9) has been crystallized in an open conformation in the presence of 

inhibitor, whereby helix α5 is displaced from the active site [17], and an additional partial β-

sheet structure has formed in the region of residues 17-30, which forms the cleft of the binding 

site (section 2.4). Despite the presence of the lid, lipases from P. aeruginosa and B. glumae are 

exceptions as they do not show interfacial activation [18]. The crystal structure of lipase A from 

B. glumae (BgLipA) in complex with its specific foldase (BgLif:LipA) (PDB code: 2ES4) [19] 

was found to be virtually identical to that of free inactive closed lipase A (BgLipAc) (PDB code: 

1QGE) [15]. In the complex, helix α5 is in the closed conformation while residues 17-30 formed 

a partial β-sheet structure, which is a characteristic feature of open lipases (section 2.4). 

Furthermore, the addition of substrate to the crystals results in lipase activity without affecting 

the crystal integrity [19], which indicates that BgLipA in the complex is like a “loaded spring” 
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ready to move to the open state. It strongly suggests that the BgLipA is in an intermediate state 

in the complex on the way to an open state. Here, I applied the aforementioned computational 

methods (section 2.6) in combination with experimental data to investigate the above stated 

hypothesis and the activation process of PaLipA facilitated by PaLif. 

 

Figure 1. Proposed hypothetical folding model for PaLipA. Unfolded PaLipA is translocated from the 
cytoplasm to the periplasm via SecYEG transporter. It was observed that in the absence of PaLif, PaLipA folds 
to a near-native state, inactive state. Upon addition of PaLif, this near-native, intermediate state of PaLipA forms 
a stable complex with the foldase (PaLif:LipA). In the complex, PaLipA undergoes conformational changes to 
fold into the active native state and exports out to the extracellular medium by the Xcp machinery of T2SS. This 
hypothetical model is based on in vitro experiments and available crystal structures. However, a detailed molecular 
mechanism of PaLipA activation via PaLif remains elusive. Figure adapted from ref. [20]. 

Furthermore, in order to understand the PaLipA activation mediated by PaLif in atomic detail, 

it was essential to study the structural and functional dynamics of PaLif first. So far, no X-ray 

structure is available for free PaLif, and very little is known about its mechanism of action in 

general. PaLif belongs to a small class of steric chaperones. In the crystal structure of 

BgLif:LipA complex, BgLif was found to form a unique “head-phone” like fold, with two mini-

domains (MD1 and MD2) connected by an extended helical domain (EHD). 

Here, to understand the conformational dynamics of PaLif in the free state, an integrative 

approach combining molecular dynamics (MD) simulations and Förster Resonance Energy 

Transfer (FRET) experiments (section 2.6) was applied. This resulted in an ensemble of PaLif 
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structures ranging from compact to extended conformations, which increases the resolution of 

FRET data beyond shape information to atomistically detailed structures of minimalistic 

structured PaLif [21]. Based on the results obtained from the above study, solution structures 

of MD1 of PaLif were also solved and investigated for its role in PaLipA activation. 

Overall, my work sheds light on the underlying mechanism of PaLipA folding from an inactive 

to an active state, catalyzed by the steric chaperone PaLif. Furthermore, it provided insights 

into the functional dynamics of structurally minimalistic PaLif. This work will enable us to 

understand the mechanism of action of steric chaperones in more detail and provide relevant 

insights to unravel further mechanistic understandings of this interesting system. This can be of 

particular interest for biotech companies for a cost-effective overproduction of lipase. 
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2. BACKGROUND 

2.1 The microorganism Pseudomonas aeruginosa 

In the 19th century, Migula identified the Pseudomonas species for the first time as anaerobic, 

gram-negative bacilli measuring 0.5 to 0.8 μm (diameter) by 1.5 to 3.0 μm (length) [6] 

(Figure 2). The Pseudomonas genus pool contains more than 140 species, of which more than 

25 species are associated with humans [22]. Approximately 80% of Pseudomonas infections 

are caused by P. aeruginosa and P. maltophilia [22]. The species name aeruginosa originated 

from the Latin word “Verdigris”, which means copper rust, referring to its distinctive blue-

green color on solid media. This blue-green color is due to the water-soluble pigments 

pyocyanin, and pyoverdine produced by P. aeruginosa [23]. 

 

Figure 2. Micrographic image of gram-negative bacterium P. aeruginosa. Scanning electron micrographic 
image of P. aeruginosa bacilli adherent to the collagen surface (left), a high power scanning micrographic image 
of same bacilli with polar pili along the bacterial long axis (right). Images are adapted from [27]. 

The genome of P. aeruginosa is vast, complex, and consists of a single circular chromosome. 

The complete sequence of the first P. aeruginosa genome was reported in 2000 for strain PAO1 

[24]. It has a relatively large genome of the size of 6.3 million base pairs with high G + C 

content (65-67%) and contains 5,570 predicted open reading frames [25]. This genome encodes 

for a wide variety of enzymes, which are involved in various metabolic pathways and transport 
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systems [26]. Specifically, the number of genes predicted to encode for outer membrane 

proteins is disproportionally large (~ 150) as compared to inner membrane proteins. Also, 

approx. 8.4% of the genome encodes regulatory genes, which allows the bacterium to adjust to 

ubiquitous growth environment [24]. 

P. aeruginosa produces many virulence factors which not only affect plants and animals but 

also cause severe infections in humans [28]. P. aeruginosa may grow for decades in the lungs 

of an individual with cystic fibrosis. Cystic fibrosis transmembrane conductance regulator 

inhibitory factor, produced by P. aeruginosa, indirectly stimulates neutrophils and promotes 

the sustained infection in patients [29]. The major virulence factors of P. aeruginosa are the 

type III secretion effector proteins exotoxin S, T, U, and Y. ExoS and T both are bifunctional 

toxins [30]. They act by disrupting the host cell signaling pathway required to stimulate the 

phagocytic NADPH oxidase [29]. There are many more well-characterized virulence factors 

produced by P. aeruginosa; comprehensive information can be found in refs. [30-34]. 

P. aeruginosa is regarded as a promising microorganism in various biotechnological 

applications, industries, and commercial sectors. It is an excellent source of enzymes acting as 

catalysts in specific biochemical reactions [35]. High specificity and efficiency make them a 

valuable catalyst in many biotechnological industries, including pharmaceutical, food, 

cosmetics, detergents, paper, and pulp industries [35]. Furthermore, P. aeruginosa produces 

less toxic and eco-friendly biosurfactants and polycyclic aromatic hydrocarbons (PAHs) [36]. 

Their emulsification activity against different hydrocarbons made them an essential agent in 

bioremediation [37]. 

In conclusion, P. aeruginosa is not only a source of virulence factors but also has wide 

applications in various industries, which made it one of the most studied gram-negative 

bacteria. 
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2.2 Protein export and secretion in gram-negative bacteria 

2.2.1 Cell envelop of gram-negative bacteria 

Gram-negative bacteria have evolved a sophisticated and complex cell envelop in order to 

survive in an unpredictable and hostile environment (Figure 3) [38, 39]. The cell envelop has 

different functions such as protecting the cell in a hostile environment, maintaining shape and 

stability and allowing communication with the environment to allow selective passageways of 

nutrients from the outside and waste products from the inside [39].  

 

Figure 3. Schematic representation of the cell envelop of gram-negative bacteria. Figure modified from Douzi 
et al. (2004) [41]. 

Gram-negative bacteria, compared to gram-positive ones, have an additional outer membrane 

(OM) located above a thin layer of peptidoglycan, in the outer leaflet (extracellular side). It is 

an asymmetric lipid bilayer with selective permeability, made of lipopolysaccharides (LPS) and 
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phospholipids [38]. A large number of integral pore proteins and porins allow the free passage 

of small hydrophilic molecules and water across the membrane. Between the OM and inner 

membrane (IM), a narrow aqueous concentrated gel-like matrix called periplasm is found 

(Figure 3) [39]. 

IM mainly consists of phosphatidylethanolamine and phosphatidylglycerol and plays a major 

role in the synthesis of phospholipids, peptidoglycan, and lipopolysaccharides, via polysomes 

and membrane-bound proteins [40]. 

The periplasmic space is a multipurpose compartment which is more viscous than the cytoplasm 

and densely packed with proteins [39, 42]. It allows numerous mechanisms of protein oxidation, 

chemotaxis, chaperone-guided folding, regulation of cell division, efflux, and signaling [42, 

43]. Despite all functions, the size of the periplasmic space has been highly debated in the past. 

Recently, Collins and co-workers found that the crystal structure of Wza - Wzc, the capsular 

transporter complex, is suspended into the periplasm from the inner leaflet of OM, which leads 

them to conclude that the periplasmic thickness should be of ~145 Å [44]. This value is also in 

agreement with the estimation of ~150 Å obtained from the structural model of the needle 

complex for the type III secretion pathway, resolved via cryoelectron microscopy [45, 46]. 

Usually, the periplasm contains autolysin, which along with penicillin-binding proteins, 

construct the peptidoglycan layer [47]. Peptidoglycan (murein sacculus) is made up of glycan 

strands composed of N-acetyl glucosamine and N-acetyl muramic acid, cross-linked by 

pentapeptides [48]. The OM is stitched to the peptidoglycan by a lipoprotein called murein 

lipoprotein. This lipoprotein has a lipid moiety attached to its amino terminus, which embeds it 

in the OM [49]. 

The inner leaflet of OM contains phospholipids, whereas the outer leaflet is composed of LPS 

molecules [50]. The OM proteins are mainly of two types: lipoproteins and β-barrel proteins 
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[39, 50]. The tight packing of acyl chains and LPS molecules as well as the porins activity make 

the OM an effective barrier for hydrophobic molecules [39]. 

2.2.2 Protein export and secretion 

Gram-negative bacteria produce many proteins that are supposed to be exported to the 

periplasm or extracellular medium [51]. 

Protein export system 

Approximately 20% of the proteins are synthesized outside the cytoplasm and need to be 

translocated across the cytoplasmic membrane [52]. The main pathway for the translocation of 

these proteins into the IM is the Sec pathway [53]. The Sec translocon is located in the 

cytoplasmic membrane and has three subunit cores, namely SecY, SecE, and SecG, together 

designated as SecYEG. In 2002, a three-dimensional reconstruction of the SecYEG was 

obtained by cryoelectron microscopy (PDB code: 3DIN) (Figure 4A) [54]. The Sec translocon 

translocates substrate across the membrane as well as also inserts them into the membrane 

laterally. All substrates of Sec translocase contain a hydrophobic N-terminal signal sequence, 

and the membrane proteins contain a membrane anchor signal for insertion [8]. 

A newly synthesized preprotein needs to be maintained in an unfolded state for export across 

the IM. SecB is a cytosolic molecular chaperone that binds to preproteins and maintains them 

in a translocation-competent state and prevents aggregation [55]. After forming the complex 

with the preprotein, SecB binds to SecA and transfers the preprotein to SecA for further 

translocation. SecA is an ATPase motor protein that provides the required energy for the 

translocation of the hydrophilic region of protein across the membrane (Figure 4A) [8]. Some 

preproteins are targeted to the translocon by signal recognition particle, and then they bind to 

SecA for translocation [8]. Unfolded preproteins are translocated by Sec translocase across the 

IM, whereas folded proteins are translocated by the twin-arginine translocase (Tat). Further 

details about the Tat pathway can be found in refs. [8, 56, 57]. 
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Protein secretion system 

In gram-negative bacteria, proteins can be secreted to the extracellular medium directly from 

the cytoplasm, which is a one-step mechanism [6]. In this, proteins can be secreted via a tunnel 

crossing the IM, periplasm, and OM. In other cases, proteins are first exported to the periplasm 

via SecYEG or TatABCE and then to the extracellular medium, also called two-step mechanism 

using transporter [51]. In order to cross two hydrophobic barriers, gram-negative bacteria have 

up to six distinct secretion systems. Of these, type 1, 3, 4, and 6 secretion systems follow a one-

step secretion mechanism, which does not involve periplasmic intermediates, whereas type 2 

and 5 use a two-step secretion system [51]. Comprehensive information about type 1, 3, 4, 5, 

and 6 can be found in refs. [51, 58-63]. 

Type 2 secretion system 

T2SS is also known as the general secretion pathway (GSP) in gram-negative bacteria [51]. 

T2SS secretes a large number of enzymes, toxins, and virulence factors like exotoxin, cellulase, 

lipase, elastase, and alkaline phosphatase [64]. It is a two-step secretion pathway. Hence first 

the substrate is secreted to the periplasmic space from the cytoplasm via the Sec or Tat 

machinery, and in the second step, after the translocation in the periplasm, the 

secretion-competent protein state is secreted to extracellular space by the so-called GSP 

proteins or type 2 secretion machinery. The T2SS machinery is built up of 14 different GSP 

proteins, from which 12 GSP proteins are associated with the IM [65]. The 14 proteins form a 

sophisticated machinery with the ability to discriminate between the proteins that need to be 

transported across the OM and that reside in the periplasm [13]. 

In P. aeruginosa, the secretion machinery used in T2SS is called Xcp (Figure 4B), whereas 

another type 2 secretion system was also identified in P. aeruginosa, which is called Hxc-

system [10, 66]. The Xcp machinery consists of 12 GSP proteins Xcp A and Xcp P to Z, which 

are organized into two operons [67]. The function of most Xcp proteins is still not entirely 
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known, but some components are well understood, like Xcp T-X, which act as pseudopilins 

[68]. These pseudopilus structures get inserted in the periplasm and act as a piston to push the 

substrate through the OM [69]. 

 

Figure 4. Import-export transporters for lipase in the cell of a gram-negative bacterium. (A) Crystal structure 
of SecYEG translocon in complex with SecA (PDB code: 3DIN) [70]. (B) Schematic model of P. aeruginosa Xcp 
transporter. Figure adapted from Douzi et al. (2011) [41]. 

Xcp R provides the required energy, Xcp P is involved in the secretion of exoproteins through 

the secretin channel [6, 71], and Xcp RSYZ with Xcp P form an IM subcomplex, which acts as 

a platform for the organization of the other parts of the secreton [67]. Xcp Q is the OM protein 

and contains a conserved C-terminal domain and four N-terminal domains, which interact with 

the periplasmic domain of Xcp P to form the secretin channel [72]. Last but not least, the 

peptidase Xcp A processes the signal peptide of the subunits of pseudopilin, and it also 

methylates the amino-terminal residues of mature proteins [73]. 

Interestingly, T2SS is capable of secreting many different and unrelated substrates. It was 

suggested that exoproteins interact with the periplasmic domain of Xcp Q and P as well as with 

the pseudopilus tip [41], which stimulates Xcp R to provide energy for the pseudopilus function 

to push the substrate through the secretin channel [74, 75]. The secretion motif is responsible 

for distinguishing proteins that translocate across the OM and that resides in the periplasm. In 
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general, the substrates tend to be folded, rich in β-strands, and have structural similarity with 

the secretin domain [75]. 

Despite experimental evidences and several crystal structures solved for exoproteins secreted 

by the Xcp machinery, the complete mechanism of T2SS is still unknown. Moreover, how the 

transporter recognizes the conformational signal to secret the substrate across the OM has not 

been resolved yet. As a GSP in gram-negative bacteria, it is capable of transporting a wide 

range of toxins and folded proteins, making it interesting for research and further studies [72]. 

2.3 Bacterial lipases 

Lipases secreted by gram-negative bacteria have evolved to efficiently catalyze the hydrolysis 

of triacylglycerols to glycerol, diacylglycerols, monoacylglycerols, and free fatty acids 

(Figure 5) [76, 77]. In addition to hydrolysis, they can reverse this reaction, which is known as 

transesterification in non-aqueous media [78]. Since lipases remain enzymatically active in 

organic solvents and catalyze reactions with high regio- and enantioselectivity [79], these 

enzymes are very useful tools for organic chemists and valuable biocatalysts in many 

biotechnological applications [1]. 

Earlier, two criteria have been used to classify a lipolytic enzyme as a “true lipase” [4]. First, 

as the lipolytic reaction occurs at the lipid-water interface, the enzyme should be activated by 

the presence of a lipid-water interface, which is known as interfacial activation. Second, the 

protein should contain a “lid” domain, which covers the active site and moves away in order to 

open the active site on contact with the interface so the substrate can bind [4]. Later, however, 

lipases were defined more precisely as carboxylesterases as the above criteria were found to be 

unsuitable for classification [80]. Lipases do not require any cofactor for their action as they 

belong to the class of serine hydrolases [81]. Triacylglycerols, found in dietary fat and oils, are 

a significant source of metabolic energy compared to carbohydrates and proteins [82], therefore 

lipases are essential key players in catabolism throughout all living organisms. 
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Figure 5. The hydrolysis reaction catalyzed by lipase enzyme. The hydrolysis reaction of triacylglycerol 

molecule to glycerol and free fatty acid, catalyzed by the lipase enzymes. This figure is taken from ref. [83]. 

Initially, bacterial lipases have been classified into eight families based on their amino acid 

sequence conservation and biological properties, and family I, which is further divided into six 

subfamilies, belongs to “true” lipases [4]. This broad classification was updated in 2002, and 

family I is divided into seven subfamilies [1]. The lipases secreted by P. aeruginosa belongs to 

subfamily I.1 with a molecular weight of approximately 30 kDa, and B. glumae belongs to 

subfamily I.2, which have a molecular weight of approximately 33 kDa [4]. Lipases from 

subfamily I.2 show about 60 % amino acid sequence identity with these of subfamily I.1 [4]. 

Additionally, they all contain a disulfide bridge, they need a specific foldase for correct folding, 

and they are secreted by T2SS (section 2.2.2) [84]. Bacterial lipases produced by Pseudomonas 

and Burkholderia species are the most studied lipases because of their ability to function in 

extreme conditions, their biotechnological potential and their relevance as crucial bacterial 

virulence factors (section 2.1 and 2.3.1) [85]. 

2.3.1 Commercial and biotechnological relevance of lipases 

One of the major application of lipases in biotechnology is in polymer synthesis as they show 

high selectivity under mild reaction conditions. They catalyze the polymerization reactions for 

structurally complex monomers with multifunctional reactive groups [86]. Lipases with 

transesterification activity in organic solvents are considered the most critical biocatalysts in 

the production of biodiesel [87]. Lipases can convert vegetable oil to methyl- or other short 
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chain alcohol esters [1]. Lipases can catalyze enantioselective reactions for the synthesis of 

pharmaceuticals: Pseudomonas AK lipase was used to synthesize the chiral intermediate 

required for the synthesis of the antitumor agent epothilone A [88]. Lipases are extensively used 

in the resolution of racemic acids and alcohols [1]. They are also used for the production of 

herbicides, where only one of the enantiomers is active [1]. In cosmetics and flavors 

development, the most prominent example is the lipase-assisted synthesis of flavor and 

fragrance compounds such as (-)-menthol [89]. 

The first and vital use of lipases is in the detergent industry due to their unique property of 

catalysis at the water-lipid interface [1]. B. glumae lipase was patented for their detergent use 

by Unilever as it is very stable at different temperatures and shows catalysis under harsh 

washing conditions [90-92]. For the same properties, lipases are also used for the removal of 

fat-containing wastes in the paper industry, textile industry, and dye industry. The 

emulsification property of lipase brought them in the food industry, dairy industry, and baking 

industry [92]. They are used to produce low-calories fat, to emulsify oils, e.g., in the production 

of cocoa butter [93], for accelerating cheese ripening and flavor development. Lipases also 

substitute traditional emulsifiers used in baking, as the enzymes degrade polar wheat lipids to 

produce emulsifier in situ [94]. The high production costs are the most significant limitation of 

the industrial use of these enzymes nowadays. 

2.4 Structure of P. aeruginosa lipase A 

The first structure of bacterial lipase A was solved for B. glumae in 1993 by multiple 

isomorphous replacement techniques [95]. Later, Chromobacterium viscosum lipase A 

(CvLipAc) (PDB code: 1CVL) [15] and B. glumae lipase A (BgLipAc) (PDB code: 1QGE) [96] 

were crystallized in the closed conformation (Figure 6A). Structures of Burkholderia cepacia 

lipase A in complex with ligand Rc-(Rp,Sp)-1,2-dioctylcarbamoylglycero-3-O-p-nitrophenyl 

octylphosphonate (PDB code: 4LIP) [97] and without ligand (PDB code: 3LIP) were solved in 
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the open conformation (Figure 6B) [98]. In 2000, the first X-ray structure of P. aeruginosa 

lipase A in the open conformation (PaLipAo) in complex with octyl-phosphinic acid 1,2-bis-

octylcarbamoyloxy-ethyl ester (OCP) inhibitor (PDB code: 1EX9) was reported at 2.54 Å 

resolution (Figure 6C) [17].  

 

Figure 6. Crystal structures of bacterial lipases in the closed and open conformation. The catalytic triad is 
indicated in yellow (ball and stick representation), helix 5 (lid) is shown in orange, and residues 17-30 in red. (A) 
BgLipAc (PDB code: 1QGE) [96], with helix α5 occluding the active site. (B) B. cepacia lipase A (PDB code: 
3LIP) [98] crystallized in an open conformation without bound ligand, in an organic solvent. (C) PaLipAo (PDB 
code: 1EX9) [17], crystallized with a bound inhibitor (OCP, shown in green sticks) in the open, active site. In both 
(B) and (C), helix α5 moved away from the catalytic triad residues, in order to expose the binding site, and a partial 
β-sheet structure is present in the region of residues 17-30 (red) to form the cleft of the binding site. (D) Crystal 
structure of BgLipA (wheat) in complex with its specific foldase BgLif (blue) (PDB code: 2ES4) [19]. In the 
complexed lipase A, helix α5 occludes the binding site although residues 17-30 show the partial β-sheet structure. 

The structure of PaLipAo showed a very high structural similarity to the lipase structures of the 

subfamily I.2. As all lipases, it also exhibits a characteristic folding pattern of the core domain 

and possesses two stretches of residues, respectively ranging from 1 to 108 and 164 to 285, 
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which form the α/β-hydrolase fold. The active site cleft consists of four α-helices (α4, α5, α6, 

and α8) and a partial β-sheet structure (residue 17-30) [17, 80]. Helix α5 (residue 109-163) and 

its neighboring loops form a ‘lid’ which shields the active site in CvLipAc and BgLipAc. In 

PaLipAo, the lid moves away from a closed to an open state in order to make the active site 

cavity accessible to the substrate. In the crystal structure of PaLipAo, an additional small 

antiparallel β-sheet (named as β-strand b1 and b2 in the crystal structure) is formed between β3 

strand and helix α1 in the region of residues 17-30 which was absent in CvLipAc and BgLipAc. 

Later in 2006, the structure of BgLipA in complex with its specific foldase BgLif was 

crystallized in a closed conformation (PDB code: 2ES4) in which the active site was found 

occluded by helix α5 of the lid domain (Figure 6D) [19]. The core structure was found virtually 

identical to BgLipAc (PDB code: 1QGE) with a root mean square deviation (RMSD) of 0.5 Ȧ 

for Cα atoms [19], except for the partial β-sheet structure present in the region of residues 17-

30, which is also present in PaLipAo. 

All lipases belonging to the α/β-hydrolase superfamily have a catalytic triad formed by a 

nucleophilic Ser, a His and a catalytic acid-base residue that is either an Asp or Glu [11]. In the 

crystal structure of PaLipAo, the Oγ atom of Ser82 is covalently bound to the OCP inhibitor 

and 3.0 Å away from the Nε2 atom of the catalytic histidine H251. The carbonyl oxygen of 

His251and amide nitrogen atoms are hydrogen bonded to His81 and the catalytic residue 

Asp229. Asp 229 stabilizes the positively charged His251 during catalysis [17]. Located at a 

distance of approx. 15 Å from His251, a calcium (Ca) binding pocket comprises a Ca2+ ion 

coordinated in an octahedral geometry with four protein oxygen atoms and two water 

molecules. It is also known that all lipases possess a conserved oxyanion hole involved in 

stabilizing the negative charge of the tetrahedral transition state intermediate formed during 

catalysis [17]. In PaLipAo, residues Met16 and His83 belong to both the oxyanion loop and the 

active site of PaLipA [17]. In the crystal structure of PaLipAo, the main chain amide groups of 
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Met16 and His 83 are in direct interaction with the phosphorous oxygen atom of OCP. Residues 

Cys235 and Cys183 form a disulfide bond [17]. 

The lid conformation change observed in the 3D crystal structures of lipases in closed and open 

conformation provides an elegant explanation of interfacial activation. Upon binding to the 

interface, the lid, which covers the active site, moves away from a closed to an open state, and 

exposes a large hydrophobic active site. However, later, it was found that lipases from 

P. aeruginosa, B. glumae, and Candida antarctica do not show interfacial activation but still 

have an amphiphilic lid [83]. This implies that the presence of a lid is not correlated with 

interfacial activation [2] but also raises the question about the nature of the activation 

mechanism of lipases that do not show interfacial activation. 

2.4.1 PaLipA biogenesis 

PaLipA biogenesis is a multi-step process ranging from gene expression to extracellular 

secretion of folded PaLipA (Figure 7). PaLipA gene regulation is controlled by the quorum 

sensing mechanism, which is a cell density-dependent regulation process [99, 100]. 

Extracellular signaling molecules called autoinducers are produced by many gram-negative 

bacteria which bind to transcriptional regulatory proteins and can induce or cease to repress 

specific target genes. The details for transcriptional regulation of the PaLipA gene can be found 

in refs. [100-102]. It was found that the lipase gene LipA in Bacillus subtilis was encoded in an 

operon with a second gene LipB, which was shown to be necessary for the lipase activity as it 

assists the correct folding and later on was named Lif to constitute a unique class of 

lipase-specific chaperones [83]. 
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Figure 7. Proposed secretion mechanism of PaLipA. (1) PaLipA is synthesized in the cytoplasm with an N-
terminal signal sequence that is recognized by the Sec translocon (SecYEG). (2) SecYEG transports unfolded 
PaLipA into the periplasm. (3) In periplasm, PaLipA folds to its near-native inactive conformation. (4) The inner 
membrane-bound PaLif binds to near-native inactive PaLipA with its catalytic foldase domain (blue). (5) Upon 
binding with PaLif, PaLipA undergoes conformational changes to convert into its active conformation. (6) Active 
PaLipA is transported to the extracellular medium via the Xcp machinery. This figure is based on a previously 
published model of Xcp and lipase secretion in refs. [9, 41]. 

PaLipA is synthesized with an N-terminal signal sequence as a precursor which targets it to the 

Sec translocon where SecB keeps the nascent chain in an unfolded conformation [6]. After 

getting exported into the periplasm, the signal sequence is cleaved and enables PaLipA to fold 

into the secretion-competent conformation. The periplasmic maturation of PaLipA is a 

prerequisite for its secretion to OM. In order to acquire a correct folding prior to its secretion, 

PaLipA needs a specific intermolecular folding catalyst, which is known as ‘lipase-specific 

foldase’ PaLif [83]. In addition to PaLif, PaLipA also needs ‘accessory folding catalysts’ like 

DsbA and DsbC, which catalyze the formation and isomerization of a disulfide bond [103, 104]. 

Other proteins are also required to enforce the correct isomeric state of the peptide bond. These 
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proteins include, for example, the peptidyl-prolyl cis/trans isomerases (PPIases), which catalyze 

the cis-isomerization of the peptide bond between Gln257 and Val258, which is a conserved 

feature of lipases [105]. Although PaLipA variants with one or both Cys mutations were still 

able to fold into their active conformation, they are more prone to proteolytic degradation in 

the periplasm and show less efficient secretion [103, 104]. Once PaLipA is folded to the native 

(or secretion-competent) conformation, it is transported by the Xcp-secreton across the OM. 

The full mechanism involving the recognition and binding of the Xcp-secreton to the native 

PaLipA before its secretion is however still unknown. 

2.4.2 Protein folding landscape 

Anfinsen stated that protein folding is based on the search of the global free energy minimum 

conformation corresponding to the most stable 3D structure [106]. Many small proteins adopt 

a native conformation spontaneously that has a lower free energy than their unfolded state 

(Figure 8A) [107]. However, for some multidomain proteins, achieving their native and active 

conformation is difficult due to a high energy barrier controlling the transition from the 

unfolded to the native state (Figure 8B and 8C) [107]. In the case of specific bacterial proteins, 

such as α-lytic protease (αLP) and subtilisin, it was observed that their native conformation is 

comparably stable to that of their respective unfolded conformation [108, 109]. In the native 

protein conformational energy landscape, the folding free energy barrier for αLP is higher than 

26 kcal/mol, with a folding half-time t1/2 ≈ 1700 years [109]. This example demonstrates the 

existence of a high energy barrier which causes the folded native state to be trapped in a free 

energy minimum, therefore limiting the kinetics of the unfolding process while also posing 

folding problems [109]. The authors of this work also suggested that αLP folds spontaneously 

into an inactive partially folded intermediate state and requires a steric chaperone propeptide to 

achieve its native state [13]. It has been reported that this steric chaperone plays a crucial role 
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in the folding of protease by lowering the folding free energy barrier and imprinting the required 

steric information to the protease [13, 107, 109]. 

 

Figure 8. Protein folding landscape. (A) Small unfolded proteins (U) spontaneously fold into their native (N) 
low free energy conformation reversibly, without any helper proteins on relevant biological timescales. (B) Some 
multidomain or large proteins do not fold themselves into the native conformation due to the high free energy 
barrier between unfolded and native state. Usually, the native state of these proteins has a similar free energy as 
the unfolded state. (C) Generally, these proteins fold spontaneously to an intermediate state (I) having lower free 
energy compared to the unfolded state. In order to fold into the native state, this intermediate state needs a helper 
protein like a steric chaperone (SC), which lowers the free energy barrier (black-dotted line), thereby increasing 
the folding rate, as well as providing the required steric information to the protein, which increases the folding 
efficiency. After removal of the steric chaperone, the fully folded protein remains trapped by a high unfolding free 
energy barrier (black). Moreover, sometimes, steric chaperone increases the folding efficiency by lowering the 
free energy barrier and traps the target protein into a high energy folded state (red-dotted line). Figure adapted 
from ref. [107]. 

El Khattabi and his co-workers showed that the native state of BgLipA is highly stable, as very 

harsh conditions were required for its denaturation [110]. They also showed that in the absence 

of BgLif, denatured BgLipA folds to an inactive, near-native intermediate state, while upon 

addition of BgLif, immediate activation of intermediate BgLipA was observed [85]. These 

observations suggested that a large energy barrier also exists along the PaLipA folding 

pathway, which prevents the unfolding of the kinetically stable native PaLipA. Therefore, it 
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suggests that PaLif behaves as a steric chaperone, which lowers the folding barrier by 

embossing the required steric conformational changes on PaLipA [20]. Based on structural 

similarities with the secreted αLP-propeptide system, it was assumed that PaLipA also follows 

the similar folding pathway. Nevertheless, near-UV circular dichroism (CD) and Trp-

fluoresecence spectra showed that native BgLipA significantly differs from that of intermediate 

BgLipA. Investigating and understanding the complete folding and secretion mechanism of 

lipases is a huge challenge as it demands the in-depth characterization of the intermediates and 

transition folding states, but also requires to determine the kinetics of their formation in the 

folding process, as well as the nature of their respective interactions with Lif and the Xcp 

machinery. In publication III, we have provide insights into PaLipA folding from the binding 

intermediate to the native state in the presence and absence of PaLif. 

2.5 PaLif and its importance in PaLipA biogenesis 

Other than a general folding catalyst, the periplasmic folding of PaLipA critically depends on 

the lipase-specific foldase, PaLif. Usually, foldases are encoded in the same operon together 

with their cognate lipases (section 2.4) [100], and aside from their genome sequences, not much 

experimental data is available about their function. Lifs are classified into four families (I-IV). 

Lifs from P. aeruginosa, Pseudomonas mendocina, Pseudomonas wisconsinensis, and 

Pseudomonas alcaligenes belong to family I, Lifs from B. cepacia, B. glumae, 

Pseudomonas  fragi, Xylella fastidiosa, and Ralstonia metallidurans represent family II, family 

III Lifs are from Acinetobacter calcoaceticus, and family IV contains Lifs from Pseudomonas 

sp. strain KFCC10818, Vibrio cholerae and Vibrio vulnificus [9]. 

Regardless of their low sequence similarity, all Lifs share a very similar secondary structure 

composed of 70 % α-helical and 30 % random coil elements, which indicates that the catalytic 

mechanism of Lifs is also conserved [9]. In 2006, the soluble form of BgLif in complex with 

its cognate lipase was crystallized (PDB code: 2ES4) (Figure 9) [19]. All Lifs contain an N-
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terminal hydrophobic segment that anchors them into the bacterial IM. The remaining part of 

the foldase is exposed to the periplasm. Upon truncation of the N-terminus, PaLif was still able 

to catalyze the folding of its cognate lipase, indicating that the membrane anchor is not needed 

for the folding activity of PaLif in vitro [111]. It was suggested that the membrane anchor of 

PaLif is required to prevent its secretion in complex with PaLipA by the Xcp machinery [80]. 

In PaLif, the membrane anchor is followed by a stretch of proline- and alanine-rich segment 

known as variable domain. This region accounts for about 20 % of the entire PaLif sequence 

and is structurally disordered. This region presumably acts as a spacer that establishes a certain 

distance between the C-terminal domain and the IM, so that the C-terminal domain can 

sufficiently protrude into the periplasmic space [9, 80, 112]. The variable domain is followed 

by a large C-terminal domain known as catalytic folding domain. Many experiments suggest 

that solely the C-terminal domain interacts with the lipase A and assists its folding [80]. The 

crystal structure of BgLif:LipA revealed the previously unobserved fold of the BgLif catalytic 

domain. It consists of 11 α-helices forming an open “head-phone” like structure, which engulfs 

BgLipA. These 11 α-helices are organized into three domains: two globular mini-domains 

(MD1 and MD2) connected by an extended helical domain (EHD). MD1 is composed of three 

N-terminal helices (α1-α3) of the catalytic domain, and MD2 is composed of three C-terminal 

helices (α9-α11). They are located on opposite sides of BgLipA connected by the EHD which 

contains four α-helices (α4-α8). Importantly, all aromatic residues are located within these 

mini-domains [19]. Out of 11 α-helices, six are in direct contact with BgLipA, thereby forming 

a large interface (~ 5400 Å2 buried solvent accessible surface area (SASA) of the interface) 

[19]. It was found that a stretch of eight amino acids, RxxFDY(F/C)L(S/T)A (where x 

represents any amino acid), is highly conserved in all Lifs [9]. This conserved sequence motif 

was assigned to the helix α1 of BgLif that directly interacts with BgLipA in the crystal structure 

(Figure 9). 
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Figure 9. Crystal structure of the catalytic folding domain of BgLif in complex with its cognate lipase. The 
structure of the catalytic folding domain (blue) of BgLif forms a unique “head-phone like” fold to engulf its cognate 
lipase BgLipA (yellow) (PDB code: 2ES4) [19]. The C-terminal catalytic folding domain of BgLif contains 11 α-
helices of which six are in direct contact with BgLipA. The conserved motif present on helix α1 is shown in red. 

Mutation of amino acids Y99 and S102 located in the conserved foldase motif of PaLif resulted 

in foldase variants that were unable to activate PaLipA [113]. Mutation Y99 is further studied 

in publication II, to understand the possible role of this residue in PaLif-induced PaLipA 

activation. Moreover, eight intermolecular interactions were identified at the BgLif:LipA 

interface between evolutionarily conserved amino acids of the Lif family (E107, R214, Q253, 

Q264, R288, R343, S346, and R349) and the lipase family. All of the eight amino acids 

mentioned above are located on the catalytic domain of BgLif. Pauwels et al. reported that both 

BgLif and BgLipA undergo structural changes upon binding, mainly in the EHD of BgLif [19]. 

They also proposed that R343 of BgLif interacts with E63 of BgLipA, thereby contributing to 

the specificity of BgLif to bind its cognate lipase [19]. Several in vitro experiments have shown 
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that PaLif forms a very stable complex with its cognate PaLipA with KD = 5 nM [85, 111]. 

Usually, a lipase gene and its cognate foldase form an operon suggesting a 1:1 ratio for both 

lipase and foldase expression, but in P. aeruginosa and B. glumae, foldase was produced in 

significantly lower amounts than their cognate lipase [85]. Lifs have been known to specifically 

activate only their cognate lipases as no lipase folding occurred when PaLif is coexpressed with 

BgLipA [114]. However, a complete understanding of the physiological role of foldases is still 

unknown. 

2.5.1 Molecular chaperones 

Proper folding and localization of proteins are of extraordinary importance within each cell 

[115]. The deposition of misfolded proteins into amyloids can cause neurodegenerative diseases 

such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease [115], which 

signifies the importance of proper protein folding. Protein aggregation is disastrous for cells as 

it triggers self-induced cell death, also known as apoptosis. Many studies indicate that incorrect 

folding is one of the main reasons for protein aggregation [116]. In order to prevent or reverse 

the protein aggregation caused by misfolding, cells use molecular chaperones as protein folding 

assistants. 

Usually, a polypeptide tries to adopt a distinct three-dimensional (3D) structure under normal 

physiological conditions. A multitude of interactions are involved in this folding process [117]. 

Nonetheless, the same molecular interactions can also result in misfolding of proteins. 

Therefore, several helper proteins are present in the cell to prevent the formation of wrong 

interactions, known as classical chaperones. Initially, they were identified as stress proteins or 

heat shock proteins (HSPs) that are expressed upon a transient increase of temperature [118]. 

HSPs are categorized into two groups, namely ‘protein holding’ and ‘protein folding’ [119]. 

HSPs, which belong to the protein holding category, bind to the partially unfolded protein 

during heat shock and prevent the exposure of hydrophobic surface. Chaperones which catalyze 
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protein folding usually self-associate to form large folding chambers in which the substrate 

protein can undergo the required conformational changes by forming intramolecular 

interactions [120]. Therefore these classical chaperones increase the folding efficiency for their 

target proteins but do not affect the folding rate constant [121]. 

However, some proteins fold to an intermediate, non-native state and fail to fold into their native 

state on a biologically relevant timescale because of a huge free energy barrier between non-

native and native state (section 2.4.2) (Figure 8B). These proteins usually need the assistance 

of highly specific steric chaperones that imprint the required conformational information onto 

the trapped intermediate (non-native) state while lowering the folding energy barrier 

(Figure 8C) [107]. Until now, very little information is available about these highly specific 

steric chaperones. In addition to Lif, few other bacterial steric chaperones have been identified 

over the last few years and studied in detail, such as propeptides (also called prodomains) which 

are required for the folding of proteases and fimbrial chaperones required for the folding of 

subunits of adhesive pili (Figure 10) [107]. 

 

Figure 10. Crystal structures of steric chaperones in complex with their target proteins. (A) Crystal structure 
of αLP (pink) in complex with its propeptide (light blue) from Lysobacter enzymogenes (PDB code: 4PRO.pdb) 
[122]. (B) Crystal structure of fimbrial chaperone (medium blue) from Escherichia coli interacting with the FimH 
pilin domain (salmon) (PDB code: 1ZE3) [123]. (C) BgLif (dark blue) in complex with its cognate lipase (yellow) 
(PDB code: 2ES4) [19]. 

Bacterial extracellular proteases and propeptides are synthesized together with the signal 

peptide in the cytoplasm. Upon translocation through the IM, the signal peptide is cleaved off 
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whereas the propeptide is retained with the protease. The propeptide prevents premature 

activation of the protease, thereby promoting the correct folding [124]. Well-studied examples 

of such bacterial proteases are αLP and subtilisin produced by B. subtilis (section 2.4.2). It has 

been observed that in the absence of propeptide, subtilisin and αLP can fold into molten globule 

intermediates that are unable to fold further into the enzymatically active conformation [125]. 

Addition of propeptide can catalyze the conversion of this molten globule intermediate into the 

active native state. After activation, the propeptide is removed by autoproteolysis, in order to 

liberate the active protease which is kinetically trapped in the folded native state due to high 

unfolding energy barrier. 

Adhesive pili in gram-negative bacteria require the periplasmic chaperone PapD for the 

assembly of adhesive filaments on the bacterial surface. Subunits of adhesive pili have an 

incomplete immunoglobin-like fold, which creates a deep hydrophobic groove on their surface 

due to a missing last β-strand [126]. The periplasmic fimbrial chaperone binds to the non-native 

subunits and provides the missing β-strand while catalyzing the folding of the subunit [126, 

127]. In the absence of the chaperone, the non-native subunits aggregate and are degraded by 

the DegP protease [128]. Unlike the propeptide, after folding to the native state, fimbrial 

chaperones remain bound to the native subunits to direct them to the OM assembly platform 

[127]. In contrast to other steric chaperones, the fimbrial chaperones do not fold their substrate 

into their final, native fold but instead trap the subunit in a high energy folding intermediate. 

Therefore, regardless of structural similarities, it appears implausible that these steric 

chaperones have a common mechanism of action. 
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2.6 Methods 

2.6.1 Homology modeling 

The generation of the 3D structure of a protein (target) based on the known experimental 

structure of homologous proteins is referred to as homology modeling [129-131]. Usually, 

proteins from the same family show high conservation of the structure compared to the 

conservation of the sequence. Therefore, we can use homology modeling to create relatively 

accurate protein models using template structures [129-132]. Usually, the first step in homology 

modeling is to identify templates and aligning the sequence of the target to each template 

according to the similarity of their residues known as “multiple sequence alignment”. A Correct 

alignment is a crucial step as it gives an overview of the features of the protein family such as 

conserved motifs, insertions, and deletions. An incorrect alignment leads to errors in the 

predicted structure. After the correct sequence alignment, the model building part begins, in 

which the backbone of the target protein is built in the same position of the template residues 

by using the alignment. This is followed by building missing parts such as loops, adding side 

chains, optimization of conformations of side chains and finally, energy minimization of the 

built model. 

As no crystal structure is available for closed PaLipA and free PaLif, homology models were 

built for the same. All lipases from family I, which have been crystallized so far in the closed 

conformation, exhibit a very similar fold (section 2.4), with sequence identities of > 41% and 

sequence similarities of > 73%, which make it possible to model PaLipA in a closed 

conformation. By contrast, for Lif, only a single crystal structure is available, which is from B. 

glumae in complex with its cognate lipase. It has a sequence identity of 39% and 52% sequence 

similarity to PaLif. However, all Lifs possess a conserved motif of eight amino acid in MD1 

(section 2.5) that can help in building the correct model. Furthermore, at the lipase:foldase 

interface from B. glumae, eight intermolecular interactions were identified between amino 
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acids, which are evolutionarily conserved in the foldase family and also in the lipase family that 

guide the modeling of the complex. 

2.6.2 All-atom MD simulations 

One of the principal and state-of-the-art methods to study the dynamics of biological molecules 

is the computational method of MD simulations. Studying protein dynamics in vivo is 

challenging, expensive, and time-consuming, because of the complex dynamic structure of 

proteins [133]. In MD simulations, the time-dependent behavior of a molecular system based 

on Newton’s laws of motion is calculated [134]. MD simulations are now consistently used to 

explore the dynamics and thermodynamics of the system of interest, as well as in the 

determination of X-ray crystallography and NMR structures [135] (publication II). MD 

simulations generate information at the atomistic level, including atom positions and velocities 

and helping to connect microscopic lengths and time scales with the macroscopic world of 

experiments. 

All-atom MD simulations have evolved among the different computational methods, being the 

tool of choice to analyze the conformational dynamics and fluctuations of a molecule over time 

[136-138]. As one of the main objectives here is to understand the conformational dynamics of 

PaLif and PaLipA at the atomic level, we used all-atom MD simulations throughout this 

research. Despite the utility of MD simulations, they are limited by two factors: the force field 

used and the high computational costs. This often results in an inadequate sampling of 

conformational space, especially in the case of intrinsically disordered proteins (IDPs) [139, 

140]. The high computational cost has been partially tackled with the nowadays available 

computational resources and technological developments (i.e., GPU-enabled MD code and 

hardware development), making it possible to run long timescale simulations up to the 

microsecond scale [141]. However, the time scale in which free PaLif undergoes reversible 

changes between compact and extended states of the head-phone like structure 
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(~ 100 microseconds) (publication I), is still beyond the timescale reached by all-atom MD 

simulations. Keeping long timescale aside, we ran multiple independent all-atom MD 

simulations of 1 μs length, which provide the overall trend of conformational changes for the 

free PaLif, PaLipA (open and closed) and PaLif:LipA complex [142, 143]. 

2.6.3 Maximum entropy refinement method 

In order to combine experiments and simulations, the maximum entropy method (MEM) is the 

plausible choice. As mentioned above (section 2.6.2), force fields have limited accuracy, and 

therefore, MD simulations of macromolecules sometimes produce results that are not complete 

and quantitatively in accordance with experiments. MEM is a method to obtain the most 

probable distribution that best represents the state of knowledge, given a set of experimental 

data [144, 145]. Among the infinite number of distributions that are compatible with the data, 

one should select the distribution which maintains the largest degree of uncertainty about the 

variables of interest [144]. Shannon’s entropy is the natural quantity for expressing uncertainty 

in a given distribution, 

     (eq. 1) 

where p is the probability of some testable information i about a discrete quantity x [146]. In 

order to find the best probability distribution which is compatible with the observed data, this 

expression should be maximized under the constraint that p( ) sums to 1. This principle has 

been extended to the maximum relative entropy (MRE) principle, eq. 2 [145, 147]. The 

advantage of MRE principle is being invariant with respect to posterior distribution such that, 

it plays an important role in multiscale problems. The entropy is here computed relative to a 

given prior distribution . 

          (eq. 2) 
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By maximizing this expression under the experimental constraints, we find the posterior 

distribution that is as close as possible to the original distribution po, but now more compatible 

with the experimental data. The problem of maximum entropy in the context of noisy data has 

been addressed numerous times in other fields [148], but the approach given by Gull and Daniell 

is potentially useful in MD simulations [149]. In the case of multiple constraints, they can be 

replaced with a single constraint  on the statistic over all data, only matching them up to their 

experimental uncertainty (  ≤ 1), given by eq. 3 

    (eq. 3) 

Here, M is the number of data points,  is the set of experimental measurement and  is 

the experimental error for the parameter j.  is the corresponding quantity calculated from 

MD simulations. To quantify the change in the posterior distribution under the experimental 

constraints and in maximum entropy, it can be associated with a free energy function [21, 150]. 

PaLif is minimalistically structured and an underdetermined system with respect to 

conformational changes in free form. Therefore, to gain insights at the atomistic level as to the 

conformational variability of free PaLif, we reweighted the MD simulations-generated 

ensemble. I applied the MRE principle under experimental  constraints in publication I. 

Experimental constraints are obtained from fluorescence spectroscopy measurements 

preformed in the lab of Prof. Dr. C. Seidel. 

2.6.4 Förster resonance energy transfer 

FRET can be used to measure the distance between two fluorophores, which provides structural 

and dynamical insights into the conformational landscape of proteins with high spatial and 

temporal resolution [151]. FRET is a mechanism of energy transfer from a donor fluorophore 

to an acceptor fluorophore through non-radiative dipole-dipole coupling [152, 153]. The donor 
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fluorophore, initially in its electronically excited state, emits energy while returning to the 

ground state [153]. This emission spectrum corresponds to the excitation spectrum of an 

acceptor fluorophore [153]. The rate of energy transfer from donor to acceptor is inversely 

proportional to the sixth power of the distance between donor and acceptor fluorophore (eq. 4). 

Therefore, FRET is a strongly distance dependent non-radiative energy transfer method. [154]. 

      (eq. 4) 

Where is the donor lifetime, RDA is the distance between donor and acceptor fluorophore 

and Ro is the Förster radius where the transfer efficiency is 50% [153]. FRET can also be 

quantified by FRET efficiency, which is the number of quanta transferred from donor to 

acceptor divided by total number of quanta absorbed by donor. The distance RDA can be 

calculated from the donor lifetime and the FRET efficiency [152, 153, 155, 156]. The FRET 

rate constant also depends on the orientation of the dyes and distance, and it is most sensitive 

in a distance range of 20 Ȧ to 150 Ȧ [157]. This approach has frequently been used to determine 

donor-acceptor distance distributions p(RDA) within one structure or between multiple 

structures to understand the dynamical behavior in solution [157-159]. FRET spectroscopy can 

accurately track distances over timescales ranging from ns to seconds [160]. Therefore, FRET 

was the method of choice to study the conformational dynamics of free PaLif in solution in 

publication I. The distance distribution profile and constraints obtained by FRET (section 

2.6.3), were used for reweighting of the large structural ensemble of free PaLif generated by 

MD simulations in publication I. In order to have corresponding data from MD simulations 

(as mentioned in section 2.6.3), the accessible volume (AV) of the dyes was calculated for all 

the conformations generated from MD simulations. AV considers the dyes as hard sphere 

models connected to the protein via a flexible linker and represents uniform population densities 

of the spatial dye position [151, 155, 156]. These densities can be used to calculate FRET 

observables, in this case, the distance distributions for a large ensemble of structures generated 
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by MD simulations. This method is successfully applied in publication I to obtain 

corresponding distance distributions for the ensemble of free PaLif conformations generated 

from MD simulations. Further details about AV calculations of dyes can be found in refs. [151, 

155, 156]. 

Depending on the complexity of the molecule or system, FRET experiments can be performed 

for single molecules, sub-ensembles (selectively averaged single-molecule events), and 

ensembles [157]. Single-molecule FRET has the advantage that it allows one to resolve 

distributions of FRET observables and to obtain kinetic information at the same time [157, 161, 

162]. Hence, multiple distinguishable static states and dynamics of the states can be obtained 

[163]. 

2.6.5 Potential of mean force computation using umbrella sampling 

The free energy difference is the driving force of any process under physiological conditions, 

such as the folding of a protein [164]. Umbrella sampling (US), i.e. biased MD simulations, is 

one of the efficient methods that provides a free energy profile of a process along a reaction 

coordinate ( ) (Figure 11) [165-167]; this is the method used in publication III. The reaction 

coordinate may be composed of a single or multiple parameters such as distance, angle, or 

RMSD [167, 168]. In US, an additional energy term or bias is applied to the system to ensure 

efficient sampling along the reaction coordinate. During US, the pathway along the reaction 

coordinate is divided into a series of windows with a defined reference point ( ) [167, 168]. 

The bias potential wi of the window i is often a simple harmonic bias of strength K (eq. 5) [167]. 

This ensures effective sampling in all regions, split into several windows, and overlapping 

distributions. 

2    (eq. 5) 
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The free energy profile can be obtained as a potential of mean force (PMF) [166, 168], which 

defines the free energy  as a function of a reaction coordinate  (eq. 6) 

     (eq. 6) 

where  is the Boltzmann factor, T is the temperature,  is the constant and  is the 

probability of the system along the reaction coordinate [169, 170]. 

 

Figure 11. Schematic representation of umbrella sampling method for PMF computations. First, the 
reference configurations (red dots) are generated along the reaction coordinate. Then these configurations are 
restrained by harmonic potential during MD simulations which result in overlapping umbrella sampling 
distributions. Finally, the free energy profile (PMF) can be obtained using WHAM. 

Next, to estimate the unbiased, free energy profile for combined US along the reaction 

coordinate, many methods have been proposed, but the most reliable approach is the Weighted 

Histogram Analysis Method (WHAM) [171]. Details about WHAM can be found in ref. [172]. 

In brief, in WHAM, first the unbiased distribution for each window i is obtained according to 

eq. 7 

  (eq. 7) 

Where  indicates the average over the ensemble. Following, are combined to 

calculate the global distribution by a weighted average of the distribution of the individual 

windows using eq. 8, 
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   (eq. 8) 

where  are the weights, selected in order to minimize the statistical error of , under 

the condition , and calculated from eq. 9 

    (eq. 9) 

where  is the total number of steps sampled during window i and  is the free energy constant 

calculated by eq. 10 

   (eq. 10) 

Eq. 8-10 have to be iterated self-consistently until convergence is reached. 

2.6.6 Constraint Network Analysis 

Biomolecules are generally composed by a hierarchy of stability reflecting their structural 

modularity. Getting insights into this hierarchy allows for understanding the relationship 

between biomolecular structure, (thermo) stability, and function. To this end, the Constraint 

Network Analysis (CNA) approach has been first introduced by S. Radestock and H. Gohlke 

[173, 174] and further developed into the efficient CNA software package [175]. CNA 

functions as a front- and back-end to the graph-theory based FIRST (Floppy Inclusion and 

Rigidity Substructure Topology) software [176]. Here, a biomolecule is represented as a 

constraint network with bodies representing atoms connected by a set of bars representing 

covalent and non-covalent interactions [177, 178]. Once the constraint network is built, the fast-

combinatorial pebble game algorithm [179] decomposes the network into its flexible and rigid 

regions by counting the number and spatial distribution of internal degrees of freedom (floppy 

modes). 

CNA allows for simulating a bond dilutions process of biomolecules by gradually removing 

non-covalent constraints from initial network representations [174, 177, 180, 181] (Figure 12). 
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To this end, the strength of each polar interaction EHB is determined from an empirical energy 

function [182]. For a given network state σ = f(Ecut), hydrogen bonds (including salt bridges) 

with an energy EHB > Ecut (σ ) are removed from the constraint network [183]. Accordingly, 

stronger hydrogen bonds will break later during the bond dilution process than weaker ones. 

Finally, rigidity analysis are performed on each constraint network state σ resulting in a bond 

dilution trajectory. A bond dilution trajectory is then analyzed by CNA, which calculates 

several global and local indices [176] Recently, an efficient ensemble-based perturbation 

approach has been implemented in CNA that provides an excellent tool for studying the long-

range effect of altered structural stability due to amino acid substitution and ligand binding 

[183]. In this approach, perturbations are introduced in silico by removing all constraints from 

the network associated with the presence of a bound ligand or alanine substitution (Figure 12). 

Because this perturbation is introduced at the network level it does not change the biomolecular 

structure. 

To quantify the change in structural stability upon perturbation neighbor stability maps are used 

(Figure 12). Neighbor stability maps record the state during the bond dilution trajectory when 

a rigid contact between pairs of neighboring residues cease to exists. Taken together, the local 

stabilities of the residue-residue contacts display the hierarchy of biomolecular stability. 

Recently, it has been shown that the sum over all rigid contacts represents a chemical potential 

energy ECNA [184], due to non-covalent bonding. The difference in the chemical potential 

energy, ΔECNA = ECNA,perturbed - ECNA,ground, reflects the change in biomolecular stability upon 

removal of the ligand or amino acid substitution. Because the introduced perturbations in the 

ground network state are localized and small, a one-step free energy perturbation approach can 

be used to compute the free energy of altered stability ΔGCNA (Figure 12) [183]. A per-residue 

decomposition ΔGi,CNA schema allows measuring the extent of each residue i to the change in 
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structural stability. This per-residue free energy has been successfully applied for studying 

pathways for signal transmission in biomolecules [183, 185]. 

I used this ensemble-based perturbation approach in publication II and III to understand how 

the mutation of certain residues of PaLif modulates the mechanical stability of PaLipA in the 

complex. From these findings I intended to identify the underlying mechanism of PaLipA 

activation mediated by PaLif. 

 

Figure 12. Schematic representation of the workflow of the perturbation approach. As input for the 
perturbation approach, a structural ensemble extracted from MD trajectories of the ground state is used. The 
perturbed ensemble is then obtained by removing all constraints associated with a bound ligand or amino acid 
substitution. From differences between neighbor stability maps of the ground and perturbed state, a free energy of 
altered stability is derived. This free energy value provides valuable insights into structural stability, allosteric 
cooperativity, and signal transmission in biomolecules. This figure is taken from ref. [183] 
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3. SCOPE OF THE THESIS 

Lipases are widely used in many industries, such as the production of biopolymers and 

biodiesel, dye, detergent, dairy, and pharmaceutical industry, agrochemicals, cosmetics, 

flavors, and many more [1, 2, 83, 94] (Section 2.3.1). The use of lipases is quickly increasing 

day by day for a variety of biotechnological applications, which demands the production of 

lipases at a ton scale. To achieve such yields, the efficient overexpression of the corresponding 

genes, folding, and secretion are required [1, 2, 5, 186]. Despite that lipase A from P. 

aeruginosa, being the most well-studied “true” lipase, its heterologous production in well-

studied model organisms regularly fails due to its complex secretion mechanism [1]. 

Furthermore, the mechanism of its proper folding is unknown to date. The most important 

protein in the mechanism of folding and secretion of PaLipA is the lipase-specific foldase PaLif 

[1]. PaLif is a steric chaperone and is required to convert inactive near-native lipase A to active 

lipase A (section 2.4.1). At present, minimal information is available about the structural 

dynamics of PaLif in its free state, which can provide new perceptions on the binding and 

activation process of PaLipA. Furthermore, the mechanism of the assisted folding of PaLipA 

in the presence of PaLif is unknown. When PaLipA is properly folded, whether PaLif is also 

involved in its secretion is also unknown. Here, the complete role of PaLif is not fully 

understood. This knowledge could be utilized to improve the folding and secretion of PaLipA 

and, thus, improve its yield to satisfy the high demand in various industries. This poses the 

following questions: 

 What is the structural and functional dynamics of PaLif in the absence of PaLipA? 

 What is the role of the structurally stable domain MD1 of PaLif in the PaLipA activation? 

 How does PaLif facilitate PaLipA folding from inactive to active precursor? 

Those questions have been addressed in this thesis, which led to the following publications. 
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4. PUBLICATION I - FUNCTIONAL DYNAMICS OF A 

STRUCTURALLY MINIMALISTIC CHAPERONE 

Jakub Kubiak#, Neha Verma#, Peter Dollinger, Holger Gohlke, Claus Seidel, Filip Kovacic, 

Karl-Erich Jaeger 

# both authors contributed equally to this work. 

Original publication, see pages 100-161 

4.1 Background 

Steric chaperones directly catalyze the folding of the target protein by providing the essential 

steric information in the adenosine triphosphate (ATP)-independent manner in contrast to 

classical molecular chaperones (section 2.5) [107]. PaLif catalyzes the folding of PaLipA from 

the near-native, inactive state to the open, active state (section 2.4) [80]. However, how PaLif 

assists the PaLipA folding remains elusive, and a detailed description of the structural 

preferences of PaLif is prerequisite for understanding its mode of action. The catalytic folding 

domain of PaLif has a three domain organization (Figure 13A) (section 2.5). 

In this publication, we investigated the conformational dynamics of PaLif in the lipase free 

state by combining high precision FRET and MD simulations. Our results shed light on the 

structural stability and functionality of the individual domains of PaLif, which provide valuable 

insights into the general mode of action of these steric chaperones. 

4.2 Results 

For the following sections (section 4.2.1-4.2.4), the text and figures have been taken from 

publication I. In this study, I performed MD simulations, analyzed the data and combined the 

MD simulations with FRET experiments. The results of my work are summarized in the 

sections 4.2.1, 4.2.3 and 4.2.4 of this publication. 
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4.2.1 Structural dynamics of the individual domains of free PaLif 

Based on previous CD spectroscopy experiments and secondary structure analyzes of the 

BgLif:LipA complexes [80], it was postulated that binding of BgLipA leads to structural 

changes predominantly in the EHD of BgLif, while the mini-domains, MD1, and MD2 

noticeably retain their structure [19, 80]. Therefore, here first, I determined the structural 

stability of the isolated, free MD1 and MD2 and the spacer region (EHD) of PaLif using all-

atom MD simulations (Figure 13A and 13B). In the course of the MD simulations, MD1 

retained almost completely the α-helical secondary structure with average α-helical content 

(AHC) ~72 ± 1.0% (mean  SEM) and ~84 ± 3.0% for ff99SB and ff14SB force fields, 

respectively. This finding agreed well with the secondary structure content of the NMR 

structure of free MD1 solved in publication II. Both EHD and MD2 show a less persistent 

α-helical secondary structure in the course of the simulations (Figure 13B), as reflected in the 

AHC of these domains of 45.0 ± 5% (76.4 ± 1%) and 55.9 ± 9% (70.4 ± 7%) for ff99SB 

(ff14SB) (Table 1). 

Table 1. Averaged AHC of free isolated domains of PaLif.a 

α-helix 
AHCa [%] 

ff99SB ff14SB 
H 1 73.9 ± 2 84.0 ± 3 
H2 75.2 ± 2 84.2 ± 3 
H3 66.3 ± 0 83.6 ± 1 
MD1 71.8 ± 1 84.0 ± 3 
H4 75.5 ± 3 92.9 ± 1 
H5 50.3 ± 0 66.1 ± 2 
H6 23.2 ± 0 53.7 ± 2 
H7 50.0 ± 2 85.2 ± 1 
H8 26.4 ± 3 84.1 ± 4 
EHD 45.0 ± 5 76.4 ± 1 
H9 66.3 ± 4 77.7 ± 2 
H10 76.3 ± 3 98.9 ± 1 
H11 25.1 ± 1 34.8 ± 1 
MD2 55.9 ± 9 70.4 ± 7 

a The AHC per-residue calculated over three independent MD simulations using two different force fields ff99SB and ff14SB, 
respectively, are given as mean ± SEM. The percentage of AHC is given for individual helices as well as for domains as mean 
± SEM. 
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Figure 13. Secondary structure analysis of PaLif by MD simulations. (A) The tertiary structure of PaLif:LipA 
complex homology model showing how MD1 (residues 66-146) (cyan), MD2 (residues 147-265) (light blue), and 
EHD (residues 266-340) (blue) are defined. The α-helices of PaLif are labeled H1 to H11, forming the novel fold 
around PaLipA (yellow). (B) -helical content per-residue averaged over three independent MD simulations for 
each of the three isolated domains MD1, EHD, and MD2. (C) The difference in the per-residue AHC of PaLif in 
complex with PaLipA with respect to free PaLif computed over ten independent MD simulations. In (B) and (C), 
error bars indicate SEM. *p < 0.05 calculated by two-sided t-test. 

In EHD, helices H6 - H8 and in MD2, H9 and H11 showed pronounced and repeated changes 

in the per-residue -helix propensity, suggesting that in free PaLif, EHD and MD2 undergo 

helix-coil transitions. Second, I also computed the difference in the AHC per-residue of full-

length PaLif (omitting residues 1-65) in complex with PaLipA with respect to free PaLif 

(Figure 13C). A significant increase in AHC up to 54% was seen in MD2 (H9) when PaLif 

binds to PaLipA, whereas in the EHD both increases and decreases of AHC are found. These 



  Publication I 

55 

results suggest that MD2, and to some extent EHD, undergo conformational changes, and MD2 

in particular gains secondary structure upon binding to PaLipA. 

Next, I studied the relative movements of these three domains. For this, I computed the dihedral 

angle defined by four residues in MD1 (Q137), EHD (A215, E268), and MD2 (R296) 

(Figure 14A), as a measure for a twisting motion of PaLif, and the radius of gyration (RG), as 

a measure of PaLif’s compactness. 

 

Figure 14. Structural dynamics of free PaLif. (A) Location of the residues (Q137, A215, E268, and R296) 
forming the dihedral angle that was used as a reaction coordinate to describe the twisting motions of free PaLif 
indicated by the black arrow. Domain coloring as in Figure 13A. The dihedral angle and RG for bound PaLif are 
indicated below the structure. (B) Pronounced twisting motion (defined in panel A) of free PaLif is notable from 
a variation of dihedral angles as a function of simulation time (0 ns at the center, 1 s at the rim). Each of ten 
independent MD simulations is indicated by a different color. (C) RG of free PaLif as a function of time for ten 
independent MD simulations (different colors), of which the first 100 ns were discarded. On the top, the cumulative 
histogram is plotted. In all MD simulations, compaction of the structure was observed to an RG of ~21 Ȧ. (D) 
Distribution of conformations of free PaLif generated by MD simulations mapped to the RG / dihedral angle plane. 
Clusters of highly abundant conformations (orange) among a vast number of low abundant conformations (gray) 
indicate the complexity of the structural dynamics of free PaLif. 
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Across the MD simulations, it was seen that PaLif adopts dihedral angles covering the entire 

range from 0° to 360° (Figure 14B), indicating pronounced twisting motions. However, the 

time traces showed, limited overlap of the sampled values among trajectories, which indicates 

that the twisting motions of free PaLif are slower than the timescale covered by the MD 

simulations. Additionally, RG decreased to ~21 Ȧ from 31 Ȧ (RG in bound conformation) 

indicating compaction of the structure in free form (Figure 14C). The compaction occurs on a 

time scale faster than a s. Free PaLif likely can populate multiple conformations ranging from 

an extended to a compact state with different dihedral angles (Figure 14D). 

4.2.2 Fluorescence analysis of PaLif 

The work explained in this section was done by the co-authors of this publication Dr. Jakub 

Kubiak and Dr. Peter Dollinger. 

Fluorescently labeled PaLif variants are active to PaLipA 

The effects of Cys mutations and covalently bound fluorescent dye on the function of PaLif 

were tested for in vitro efficiency. The six labeled double Cys PaLif variants were generated 

(named as P1-2, P1-3, P1-4, P2-3, P2-4 and P3-4) (Table 2) and tested for lipase activity assay. 

Labeled double Cys variants of PaLif revealed a comparable activation efficiency constant for 

all six PaLif variants. 

Table 2. Fluorescence averaged dye distances RDA E [Å]. 

PaLif variant Residue 1-2 
RDA E [Å] 

Homology modela PaLif:LipA 
complexb PaLifb 

P1-2 Q137 A215 59 63 ± 5 58 ± 5 
P1-3 Q137 E268 61 50 ± 7 39 ± 5 
P1-4 Q137 R296 89 97 ± 7 60 ± 4 
P2-3 A215 E268 51 66 ± 6 53 ± 6 
P2-4 A215 R296 66 66 ± 6 48 ± 5 
P3-4 E268 R296 53 52 ± 6 42 ± 7 

a FRET averaged donor-acceptor distance simulated with FRET positioning and screening software (section 2.6.4) 
[191] using homology model of PaLif in complex with PaLipA. 
b FRET averaged donor-acceptor distance obtained with photon distribution analysis (PDA) [161, 192] of 
single-molecule multi-parameter fluorescence detection measurements. 
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Free PaLif undergoes conformational dynamics on the millisecond timescale 

FRET experiments revealed that PaLif in solution is characterized by conformational dynamics 

on the sub-millisecond timescale indicated by the “dynamic shift” from the static FRET line 

observed in single-molecule multi-parameter fluorescence detection (smMFD) analysis [155]. 

Conformational heterogeneity of free PaLif in solution 

To show that free PaLif in solution undergoes a dynamic exchange of states that occurs on a 

sub-millisecond time scale and is on average more compact than PaLif:LipA complex, an 

ensemble time-correlated single photon counting (eTCSPC) was done to obtain FRET-induced 

donor decay histograms and model donor-acceptor distance distributions p(RDA) that can 

resolve conformational heterogeneity of highly dynamic molecules [157]. The analysis of all 

PaLif variants reveal broad p(RDA) with mean inter-dye distance distributions RDA  (Table 2), 

whereas in the presence of micromolar PaLipA, p(RDA) shifts toward larger distance and is 

significantly narrower. This suggests an open and more restricted PaLif conformation with 

respect to structural flexibility, in complex with PaLipA. 

Next, fluorescence correlation techniques revealed that free PaLif exhibits more complex 

character, with anti-correlation of exchange between two states ranging from tens of 

nanoseconds, typical for unstructured peptide chain or dye linker diffusion [187, 188], through 

microseconds, characteristic for trapped states [189] and fast secondary structure elements 

folding [190], to hundreds of microseconds, signalizing high energy barriers [162]. All PaLif 

variants are similar except variant P3-4 (Table 2), which exhibits slower FRET dynamics with 

increased amplitude of sub-millisecond time scale. In order to exclude a possibility of 

experimental artifacts like fluorophore trapping at residue E268C, suggested by MD simulation 

and fluorescence experiments, four alternative PaLif variants (P3255-4 (E255C-R296C), P3258-

4 (E258C-R296C), P3259-4 (E259C-R296C) and P3260-4 (E260C-R296C)) were tested. All four 
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alternative P3-4 variants show faster FRET dynamics, similar to dynamics of all other PaLif 

variants, except P3-4, but similar donor-acceptor distance distribution to P3-4 variant 

(Figure 15). 

4.2.3 Structural ensemble of free PaLif 

To gain insights at the atomistic level of the conformational variability of free PaLif, I 

combined the FRET data (section 4.2.2) with MD simulations. In order to evaluate the 

agreement between the computed conformational ensemble and that measured by FRET, we 

computed the distance distributions for the former (Figure 15). For the five distances P2-4, 

P3255-4, P3258-4, P3259-4 and P3260-4, the agreement with FRET data is good (χ2 = 57.9, 49.9, 

16.7, 15.3, and 6.4, respectively), and for the three distances P1-2, P1-4, P3-4, a fair agreement 

is found (χ2 = 598.3, 128.6, and 463.0, respectively). The largest difference is seen for distances 

P1-3 and P2-3 (χ2 = 2619.5 and 2670.7, respectively), which could be due to the high flexibility 

of the P3 region, as discussed in section 4.2.2. Still, the overall agreement of the conformational 

ensemble generated by unbiased MD simulations with experimental data is already remarkable. 

To augment the data from the MD simulations with the information captured by FRET on long 

timescales, the simulated ensemble was reweighted using the MEM (section 2.6.3). The 

reweighted ensemble obtained at a relative entropy threshold corresponding to a free energy 

change of 3 kT (Figure 16A) is within the expected inaccuracy of MD force fields [193]. The 

distance distributions computed from the representative ensemble agree with the experimental 

data to within the estimated error (  ≈ 1.8) (Figure 16A). As shown in Figure 16B, the 

optimal weights of many clusters obtained at the relative entropy threshold change by multiple 

orders of magnitude from their initial weights. Most (91 %) weights are down-weighted, while 

9 % are up-weighted by at most a factor of 100. The representative ensemble contains about 35 

distinct conformations of free PaLif that jointly contribute to the computed FRET distance 

distributions (section 4.2.2). These 35 conformations together constitute about 90 % of the 
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reweighted ensemble (Figure 16C). The largest cluster of the representative ensemble has a 

relative population of 15%. The 35 structures jointly cover the whole range of RG values 

(section 4.2.1). 

 

Figure 15. Distance distribution profile obtained for free PaLif. The probability of the average donor-acceptor 
distance (p(RDA)) is depicted as a function of the average donor-acceptor distance (RDA) for all ten chosen residue 
pairs. Distance distributions obtained from FRET are shown in black with the error values as bars, distance 
distributions obtained from unbiased MD simulations (545 clusters) are shown in cyan color, and from the best 
refinement run in the red. 

 

Figure 16. Maximum entropy refinement of cluster weights for free PaLif. (A) The discrepancy χ2 between 
experimental and simulated data versus the relative entropy ΔS is depicted. The black-dotted line indicates the 
relative entropy threshold corresponding to a free energy change of 3 kT below which the simulated data is 
considered over-fitted. The blue, black, and red curves show three independent runs of refinement. (B) Change in 
initial cluster weights after optimization. The optimized weights are shown at the entropy threshold; the color code 
is as in panel A. (C) 35 most populated clusters after refinement. The discrepancy χ2 as a function of the cumulative 
weight of the clusters is plotted for the best refinement run (red curve/dots in panels A/B). Clusters were rank-
ordered by their optimized weights. 

In order to examine the conformations of PaLif in the free state, a representative ensemble was 

further clustered using the RG as a cluster criterion with a threshold value of 4 Ȧ.  
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Figure 17. Representative conformational ensemble of free PaLif. The top 35 most populated clusters obtained 
after ensemble refinement by the MEM were first clustered with respect to the RG with a cutoff of 4 Å; the two 
resulting clusters I and II (representative structures circled in red) were again clustered with respect to the Cα-
RMSD with a cutoff of 3 Å. On the top, the structure of PaLif as found in the complex with PaLipA is shown, 
with the RG indicated below. The left branch depicts PaLif conformations of cluster I in the “compact states”, with 
the thickness of the circles representing RMSD values of the sub-cluster relative to the representative structure; 
the RMSD values are also displayed in red within the circles. The right branch depicts PaLif conformations of 
cluster II in the “partially compact states”. In addition to the representative conformation color-coded as in 
Figure 13A, further members of the sub-clusters are shown in gray. The thickness of the lines connecting the 
circles shows the C -RMSD between the sub-clusters; this value is also displayed beside the line. 
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The clustering showed that the representative ensemble is dominated by two clusters. Cluster I 

(27 structures) contains completely compact conformations of PaLif with an RG of ~21 Ȧ, 

whereas cluster II (8 structures) contains partially compact conformations of PaLif with an RG 

of ~25 Ȧ (Figure 17). We further analyzed the similarity of the structures within these two 

clusters, by sub-clustering them with respect to Cα-RMSD (threshold value of 3 Ȧ). As shown 

in Figure 17, the structures were similar within the sub-clusters: For cluster I, eight sub-clusters 

were found, the farthest one having a Cα-RMSD of 5.4 Ȧ from the centroid structure of the 

initial cluster; for cluster II, four sub-clusters were found, the farthest one having a Cα-RMSD 

of 5.5 Ȧ from the centroid structure of the initial cluster. 

4.2.4 Compact conformations of free PaLif hold affinity to bind PaLipA 

To further understand the nature of the compactness of free PaLif, and how such compact PaLif 

still retains the capability to interact with PaLipA, we computed the probability density 

distribution of the total number of hydrogen bonds (HBs) and salt bridges (SBs) formed by 

PaLif in the free state as well as in complex with PaLipA. For the latter, HBs and SBs were 

determined from conformations of ten independent MD simulations of 1 μs length each. For 

the former, the reweighted and representatives conformational ensembles of free PaLif were 

used, as was free PaLif in the bound conformation. 

The total number of HBs and SBs formed by free PaLif in the bound conformation increased 

upon compaction of the free PaLif, which agrees well with the total number of HBs and SBs 

formed by PaLif in the complex (Figure 18A, B). Hence, these findings indicate that free, 

compact PaLif minimizes the number of unsatisfied polar interaction sites, resulting in similar 

numbers of interactions as in the complex. Changes in the SASA of all interface residues as 

well as hydrophobic residues are at variance with this (Figure 18C, D). While the distributions 

of free, compact PaLif show maxima at lower values than that of free PaLif in the bound 

conformation, the distributions only partially overlap with those computed for PaLif in 
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complex. This demonstrates that free, compact PaLif reduces the amount of overall interface 

SASA as well as hydrophobic SASA; yet, the remaining difference with respect to bound PaLif 

indicates that the PaLif:LipA complex should be able to gain affinity from a further burial of, 

particularly hydrophobic, SASA. 

 

Figure 18. Probability density distributions of the number of total HBs, SBs, and SASA of all interface 
residues and hydrophobic residues for free PaLif and PaLif in complex with PaLipA. (A) Probability density 
of the total number of HBs for the ensemble reweighted by MEM of free PaLif (red), the representative 
conformational ensemble of 35 structures (yellow), and PaLif in complex with PaLipA (Black). The black-dotted 
line shows the value of the free PaLif in the bound conformation. The distributions of the number of HBs formed 
by conformations in the reweighted and representatives ensembles agree well with the distribution of HBs formed 
by PaLif in complex with PaLipA. (B) Probability density of the total number of SBs; the color code is as in panel 
A. Again, all three distributions agree well with each other. (C) Probability density distribution of the SASA of 
interface residues; the color code is as in panel A. The distributions of SASA for all interface residues of the 
respective ensembles partially overlap with the distribution of bound PaLif. (D) Probability density distribution 
of the SASA of hydrophobic residues; the color code is as in panel A. The distributions of SASA of hydrophobic 
residues of the respective ensembles partially overlap with the distribution of bound PaLif. 

4.3 Conclusion and significance 

In this study, the structural stability of the individual domains of free PaLif were analyzed in 

free as well as in the bound conformation with PaLipA. The results revealed that separated 

MD1 retained almost completely the α-helical secondary structure, despite the presence or 
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absence of PaLipA. The combination of MD simulations with the experimental characterization 

by FRET observables revealed the complex dynamics of structurally minimalistic free PaLif 

on the timescale of milliseconds. 

The main results of this study are: 

 We showed that the two domains, MD2 and EHD, undergo a helix-loop transition in 

free PaLif and gain higher helicality upon binding to PaLipA. This finding indicates 

that both domains go through conformational rearrangement upon PaLipA binding. 

 The considerably stable secondary structure of MD1 in both free and bound 

conformations of PaLif led us to conclude that MD1 may provide a platform for the 

stable binding of PaLipA in the complex. 

 Dihedral angle, RG, and FRET distances indicate that free PaLif attains multiple 

conformations. However, an inclination towards the compaction of the structure was 

observed in the free form compared to the “head-phone” like state in the complex with 

PaLipA. 

 Free PaLif undergoes conformational dynamics on a timescale of sub-milliseconds with 

reversibly exploring compact and open conformations. 

 Our simulation results after reweighting produced atomistic structures of free PaLif that 

are consistent with measured FRET distance distributions. 

 Despite the compact conformations, free PaLif retains the affinity to bind PaLipA via 

partially exposed hydrophobic and interface residues. As not all hydrophobic and 

interface residues get buried upon compaction, they provide the gain of affinity to form 

complex with PaLipA. 

Thus, this study provides important insights into the structural-functional dynamics of free 

PaLif. Therefore, in the next chapter (publication II) we solved the solution NMR structure of 

structurally stable MD1 and investigated its role in binding and PaLipA activation. 
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5. PUBLICATION II - STRUCTURAL AND DYNAMICAL 

INSIGHTS REVEALING HOW LIPASE BINDING DOMAIN 

MD1 OF PSEUDOMONAS AERUGINOSA FOLDASE AFFECTS 

LIPASE ACTIVATION 

Aldino Viegas$,#, Peter Dollinger#, Neha Verma#, Jakub Kubiak, Thibault Viennet, Claus A.M. 

Seidel, Holger Gohlke, Manuel Etzkorn, Filip Kovacic, and Karl-Erich Jaeger 

# These authors contributed equally to this work. 

Original publication, see pages 162-209 

5.1 Background 

We have shown in publication I that the MD1 of PaLif has a stable secondary structure in free 

as well as in bound conformations, which led us to speculate about its role in the binding of 

PaLipA. The sequence alignment of PaLif and BgLif revealed that among the five domains, 

MD1 shares the highest sequence similarity (52%). The importance of MD1 for foldase activity 

was further highlighted by the finding that MD1 comprises the foldase sequence motif 

(section 2.4), which is evolutionarily conserved among all foldase families and upon mutation 

inactivates the foldase [113]. 

In this publication, the role of MD1 in the activation of PaLipA has been investigated by 

biochemical analysis, NMR spectroscopy, fluorescence spectroscopy, and MD simulations. 

Particularly, the Y99A mutant was investigated. Y99 is an evolutionarily conserved amino acid 

in helix α1 of MD1. Upon mutation to alanine, the ability of PaLif to activate PaLipA is lost 

(section 2.4), which is further investigated with regards to the mechanism of PaLipA activation. 

For the first time, the NMR solution structures of MD1 and variant MD1Y99A have been solved 

and deposited in the protein data bank (PDB). I performed MD simulations of the comparative 
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model of the PaLif:LipA complex in connection with rigidity analyses which suggest a long-

range network of interactions in the tight complex spanning from Y99 of PaLif to the active 

site of PaLipA, which might be essential for its activation. These findings provide important 

details about the putative mechanism for PaLipA activation. 

5.2 Results 

For the following sections (section 5.2.1-5.2.4), the text and figures have been taken and 

modified from publication II. The work explained in sections 5.2.1- 5.2.3 was done by the co-

authors of this publication and the work done by myself is presented in sections 5.2.3 - 5.2.4. 

5.2.1 Isolated MD1, but not MD1Y99A decelerates PaLif-induced activation of 

PaLipA 

It was proposed that specific interactions of MD1 with BgLipA are important for its activation 

in B. glumae [19, 80, 111]. Our in vitro experiments showed that the isolated MD1 could not 

activate pre-active PaLipA either. However, the addition of MD1 to pre-active PaLipA in 12 

to 20-fold molar excess during activation of PaLipA with PaLif significantly slowed down the 

activation reaction. This result indicates that isolated MD1 can interfere with PaLif’s capability 

to activate PaLipA. This effect was not observed with isolated MD1Y99A. Additionally, a 

stronger binding affinity was observed for PaLif (KD = 39 ± 13 nM) compared to PaLifY99A 

(KD = 102 ± 35 nM). 

5.2.2 PaLipA complexes with PaLif and variant PaLifY99A exhibit similar unfolding 

profiles 

During thermal unfolding analyzed by the intrinsic protein fluorescence of respective solutions, 

PaLif and PaLifY99A alone show typical unfolding curves with an unfolding temperature of 

~50°C. The thermal unfolding curve of pre-active PaLipA does not show a sharp unfolding 

transition typical for folded proteins but rather a broad transition with a maximum at 73°C. 

Addition of MD1 or MD1Y99A to pre-active PaLipA did not considerably affect this unfolding 
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curve, indicating that the domains do not change the fold of pre-active PaLipA and do not 

strongly interact with PaLipA, which was also confirmed by fluorescence binding assay. In 

contrast, the addition of PaLif or PaLifY99A to pre-active PaLipA yielded typical unfolding 

curves with a maximum of the first derivatives at ~37°C. 

Fluorescence measurements show that PaLif and PaLifY99A exhibit similar hydrodynamic 

properties (rotational correlation time global ρglobal = 33 ns) as well high degrees of internal 

flexibility of the protein in the absence of PaLipA (order parameter S2 = 0.3). In the case of 

PaLif:LipA complex, internal flexibility of PaLif is decreased (S2 = 0.38), indicating that PaLif 

is more rigid in bound form. However, for PaLifY99A:LipA, internal flexibility remains high 

(S2 = 0.22). This finding indicates that for the mutant the MD1 domain does not (or weakly) 

interact with PaLipA while the rest of PaLif still interacts normally. 

5.2.3 Structural insights into MD1 of PaLif and variant PaLifY99A 

To obtain the first structural insights into this system and to investigate the effects of the critical 

Y99A mutation on the structure of the MD1 domain, we here solved the NMR solution structure 

of the isolated MD1 domain (Figure 19A, PDB code: 5OVM; BMRB code 34175) as well as 

of MD1Y99A variant (Figure 19B, PDB code: 6GSF; BMRB code 34286). 

Both MD1 and MD1Y99A resemble a three α-helical bundle preceded by 27 N-terminal residues 

without clear secondary structure with an RMSDCα of 2.4 Å, when comparing the MD1 and 

MD1Y99A structural ensembles. Only minor structural differences were observed within each 

ensemble of 20 energetically most favorable structures for MD1 as well as for MD1Y99A, as 

indicated by RMSDCα of 1.3 ± 0.3 Å and 0.8 ± 0.2 Å, respectively. The obtained structures of 

the isolated MD1 variants are similar to the respective domain in the crystal structure of the 

BgLif:LipA complex (Figure 19C) [19] showing that this domain adopts a stable fold, even 

when isolated, and in the absence of a lipase. 
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Figure 19. Details of MD1 and variant MD1Y99A structures obtained by NMR spectroscopy. (A) Cartoon 
representations of the structural ensemble of the 20 best solution structures of MD1 and (B) MD1Y99A variant. (C) 
Comparison of the representative NMR solution structures of MD1 (cyan) and MD1Y99A (purple) with the crystal 
structure of MD1 from B. glumae (green) (PDB code: 2ES4) [19]. 
 

5.2.4 PaLifY99A exerts a long-range effect on PaLipA which may destabilize the 

structure of the substrate binding pocket 

To understand the possible role of the mutation Y99A for PaLif-induced activation of PaLipA, 

we initially compared the X-ray structure of PaLipAo in the active conformation (PDB code: 

1EX9) with the X-ray structures of BgLipAc in the inactive conformation, one in the complex 

with its specific foldase (PDB code: 2ES4) and the other in the unbound form (PDB code: 

1QGE) (Figures. 20A-C). As discussed in section 2.4, in the open conformation of lipase A, 

helix α5 is moved away from the active site, and a short two-stranded β-sheet close to the active 

site is formed by residues 21-22 and 25-26. Residues 17-30 shape the substrate binding pocket 

[17], which indicates the relevance of this short two-stranded β-sheet structure in the region of 
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residues 17-30 for PaLipA activation. Because this β-sheet is not formed in the unbound 

conformation of BgLipAc, where helix α5 is occluding the active site, we postulated this 

structural element as a hallmark of the open and active lipase A. Notably, BgLipA in the 

complex, has an overall structure identical to unbound BgLipAc, but does have a two-stranded 

β-sheet in the region of residues 17-30, yet helix α5 is in the closed conformation. The structural 

comparison thus indicates that the foldase induces the formation of the two-stranded β-sheet 

during activation of the lipase A. Hence, the foldase-bound lipase A can be considered an 

intermediate conformation on its way to an open conformation, with residues 17-30 acting as a 

“loaded spring” (section 2.4). 

The influence of the Y99A mutation on the structural stability of PaLipA was investigated by 

using an ensemble-based perturbation approach [194] integrated into the CNA approach 

(section 2.6.6). CNA was applied on the conformational ensemble of the PaLif:LipA complex 

generated from the above MD simulations. We followed that approach because PaLipA 

strongly binds to both PaLif variants, suggesting that the respective complex structures are very 

similar in both cases. The computed changes in the residue-wise free energy  

(section 2.6.6), a measure for structural stability [194], was largest for residues 1-45, 197-202, 

242-250, and 268-286 in PaLipA (Figures 20E and 20F). 

Notably, these affected residues form a narrow pathway that reaches the β-sheet-forming region 

including residues 28-30 (Figures 20E, 20F), indicating that the mutation decreases the stability 

of substrate binding pocket (Figure 20D). We speculate that this decrease in stability prevents 

the partial β-sheet formation of substrate binding pocket and, thus, disfavors PaLipA activation 

by PaLifY99A. Finally, the Y99A mutation also affects the stability of a number of residues in 

PaLif itself, especially the neighboring residues 66-80 and 89-115 in MD1 (Figure 20G), this 

agrees with the minor changes seen in the NMR structures of MD1 and MD1Y99A variant 

(section 5.2.3). 
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Figure 20. Influence of mutation Y99A in PaLif on the structural stability of PaLipA. (A) Structure of PaLipA 
with OCP inhibitor bound in the active site crystallized in the open conformation (PDB code: 1EX9) [17], in which 
the helix α5 (salmon) is moved away from the active site (green). A short two-stranded β-sheet close to the active 
site is formed by residues 17-30 (red). (B) BgLipA from the crystal structure of the BgLif:LipA complex (PDB 
code: 2ES4) [19]. The lipase shows a two-stranded β-sheet (red), a characteristic feature of the open (active) 
conformation, nevertheless helix α5 (salmon) adopts a closed (inactive) conformation. This suggests a foldase-
induced formation of a two-stranded β-sheet during activation of the lipase. (C) Crystal structure of B. glumae 
lipase crystallized in the closed conformation (PDB code: 1QGE) [195] with helix α5 (salmon) covering the active 
site (residues as in panel A). In this conformation, a two-stranded β-sheet close to the active site is not formed. 
Residues 17-30 of B. glumae lipase, forming a two-stranded β-sheet, are indicated in red. (D) Crystal structure of 
active PaLipA with inhibitor OCP bound in the active site. The region of residues 17-30 forms part of the active 
site (red), required for the binding of the ligand. (E) CNA was applied on an ensemble of structures of the 
PaLif:LipA complex generated from ten independent MD simulations. Residues with  above a threshold 
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of 0.1 kcal mol-1 are depicted as spheres on the PaLif:LipA complex structure. Blue colors reflect predicted  
values; the larger the value, the darker is the color. The black arrow indicates how the perturbation by Y99A 
mutation of PaLif (pink, ball and stick representation) influences residues in PaLipA. Due to the decrease in the 
stability of the surrounding region of residues 17-30 in PaLipA, we speculate that the conformational changes 
required for the intermediate state of PaLipA on the way of activation is hampered upon PaLifY99A mutation. The 
color code for helix 5, residues 17-30, and the active site is as in panel A. (F) The histogram shows the per-
residue  for PaLipA. The dashed line at 0.1 kcal mol-1 indicates the threshold above which residues are 
considered perturbed. The standard error of the mean is < 0.05 kcal mol-1 for all residues. (G) Per-residue  
shown for PaLif, with the same threshold. The standard error of the mean is < 0.05 kcal mol-1 for all residues. 
 

5.3 Conclusion and significance 

In this publication, we showed that the Y99A mutation in MD1 induces only minor changes in 

the domain’s overall structure. However, activation of PaLipA induced by PaLif is inhibited 

by addition of MD1, but not by the addition of its variant MD1Y99A. CNA suggested a network 

of long-range interactions that span from Y99 of PaLif to the active site of PaLipA. This 

network supports the formation of a key secondary structure element (a partial β-sheet) in 

residues 17-30 of PaLipA on the pathway from the pre-active to the active state. 

 Further results of the study are: 

 The PaLifY99A variant, which carries a single amino acid mutation in the conserved 

foldase motif, did not activate PaLipA, in contrast to PaLif. 

 Previously, Shibata and co-workers reported that PaLifY99C, PaLifY99H, PaLifS102R, and 

PaLifR115C variants (all carrying mutations in the foldase conserved motif) do not form 

complexes with PaLipA [111] (section 2.5). By contrast, we showed that PaLifY99A 

binds pre-active PaLipA. 

 PaLif binding to pre-active PaLipA was found to be slightly stronger than to PaLifY99A. 

 The MD1 solution structure provides the first experimental evidence that this domain 

adopts a stable tertiary structure even in the absence of PaLipA. 

Thus, our study for the first time provides insights at the atomistic level as to a potential 

mechanism of PaLif-mediated pre-active-to-active PaLipA folding. This finding is further 

investigated in publication III in order to validate this putative mechanism. 
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6. PUBLICATION III - THE MEMBRANE-INTEGRATED 

STERIC CHAPERONE LIF FACILITATES ACTIVE SITE 

OPENING OF PSEUDOMONAS AERUGINOSA LIPASE 

Neha Verma1, Peter Dollinger2, Filip Kovacic2, Karl-Erich Jaeger2,3, and Holger Gohlke1,4 

Original publication, see pages 210-242 

6.1 Background 

In the previous publication II, we showed that the network of long-range interactions formed 

by Y99 of PaLif supports the formation of the partial β-sheet structure of residues 17-30 in the 

binding site of PaLipA. As discussed in section 5.2.4 of publication II, this partial β-sheet 

structure is a characteristic feature of the open, active lipase A, but absent in the closed, inactive 

lipase A (Figure 20A). As this partial β-sheet structure was also present in the crystal structure 

of the BgLif:LipA complex, where the lid is still in the closed conformation, we hypothesize 

that the foldase-bound BgLipA is in an intermediate conformation where the partial -sheet 

formation has occurred but not yet the lid opening, comparable to a “loaded spring” ready to 

change to the open conformation. In the crystal structure of PaLipAo (PDB code: 1EX9), the 

partial β-sheet structure in the region of residues 17-30 forms a part of the binding site and 

likely stabilizing the neighboring loops (Figure 20B-D). 

To this point, the complete mechanism of PaLipA activation mediated by PaLif at the atomistic 

level is still not known. Hence, in this publication, I evaluated the above stated hypothesis and 

proposed the activation mechanism of PaLipA via PaLif by using unbiased and biased MD 

simulations followed by configurational free energy computations, complemented by in vitro 

biochemical experiments for validation. The biochemical experiments were performed by 

Dr. Peter Dollinger. 
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6.2 Results 

For the following sections (section 6.2.1-6.2.4), the text and figures have been taken from 

publication III. In this study, I performed biased and unbiased molecular simulations, CNA, 

analyzed the data and explained my work in sections 6.2.1, 6.2.2 and 6.2.4. 

6.2.1 Structural dynamics of the lid of free PaLipA and when bound to PaLif 

Initially, we analyzed the tendency of PaLipAc free and in the complex PaLif:LipA to move 

towards the open state, and of free open PaLipAo towards the closed state, by unbiased MD 

simulations. Due to the absence of respective crystal structures, PaLipAc and PaLif:LipA were 

built by homology modeling (Figures 21A and 21B). 

First, we analyzed the MD simulations with respect to the average β-sheet propensity of residues 

17-30 of PaLipA because this secondary structure type is a characteristic feature of PaLipAo 

(section 5.2.4 and 6.1). For the PaLif:LipA complex, the likelihood of β-sheet formation is 

highest (96.5 ± 0.8%, mean ± SEM) (Figure 21D). In contrast, PaLipAc showed a significantly 

lower -sheet propensity of 41.1 ± 12%. This result indicates that PaLif fosters the formation 

of the β-sheet structure. As expected, PaLipAo exhibits a β-sheet propensity more similar to 

that of the PaLif:LipA complex (83.5 ± 3.5%), yet, the significantly smaller value suggests that 

PaLipAo tends to move towards the closed conformation. 

Next, we computed the distance between the centers of mass (DCOM) of helix α5 and α8 over 

the MD simulations to measure the opening and closing of the active site. Starting from 

PaLipAc, pronounced fluctuations of DCOM were observed that encompass both partially open 

lid conformations (DCOM ≈ 16 Å) and more closed ones (DCOM ≈ 10 Å) compared to the starting 

state (DCOM = 13.3 Å) (Figure 21E). A similar behavior was observed for B. cepacia lipase A 

during MD simulations in water [196]. 



  Publication III 

73 
 

 

Figure 21. Structural dynamics of PaLipA during unbiased MD simulations. (A) Structural model of PaLipAc 
generated by homology modeling. Active site residues (catalytic triad residues S82, H251, and D229) are shown 
as yellow dots, which are covered by the lid domain (helix α5) (orange). Helix α8 is highlighted in wheat. DCOM is 
represented by a black, dotted line. In PaLipAc, DCOM = 13.3 Å. Residues 17-30 are shown in red and do not exhibit 
the partial β-sheet structure, which is a characteristic feature of PaLipAo. (B) Homology model of the closed 
PaLipA in complex with PaLif, PaLif is represented in cyan, otherwise the representation is as in (A). (C) Crystal 
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structure of PaLipAo (PDB code: 1EX9), represented as in (A). Helix α5 moved away from the active site, and 
DCOM = 20.6 Å (black-dotted line). Residues 17-30 form a partial β-sheet structure (red). (D) Average per-residue 
β-sheet propensities of residues 17-30 starting from PaLipAc (left), PaLif:LipA (middle), and PaLipAo (right). 
Error bars indicate SEM and stars statistically significant differences of the averages calculated with the Student’s 
t-test:“*” p-values < 0.05 and “**” p-values < 0.001. (E) DCOM over the simulation times of six MD trajectories 
each for the three systems listed in (D). Additionally, the probability densities are shown. Red-dotted lines indicate 
the DCOM values of the open and closed PaLipA states. 

Starting with the PaLif:LipA complex, the probability density of partially open conformations 

(DCOM ≈ 16 Å) was ~2-fold higher than for PaLipAc (Figure 21E). This suggests that PaLipA 

in complex with PaLif has a stronger tendency to move toward a partially open state than 

PaLipAc, although this tendency is obvious in only three trajectories out of six. As when starting 

from the closed conformation of PaLipA, further closing of the lid was also observed during 

the MD simulations of the complex. Finally, starting from PaLipAo, the partially open state 

becomes most populated (DCOM ≈ 16 Å), and even closed conformations (DCOM  13.3 Å) were 

found (Figure 21E). Likewise, for B. cepacia lipase A, an open-to-closed transition of the lid 

during MD simulations in water was found [197]. 

6.2.2 The open state of PaLipA is more favorable when bound to PaLif 

To complement the unbiased MD simulations, we computed the PMF of the opening of the 

active site in free PaLipA and in complex with PaLif, applying US and using DCOM 

(Figure 21A) as a reaction coordinate. The PMF computations were performed for a plausible 

transition path of helix α5 obtained from unbiased MD simulations of PaLipAo. For 

comparison, the PMF values at the smallest DCOM sampled (11.6 Å) were set to zero in both 

cases (Figure 22A). 

Although in both cases the configurational free energy increases with increasing DCOM, the 

PMFs differ in their global shape: The PMF of the PaLif:LipA complex increases more 

moderately than that of PaLipA and shows broader local minima (Figure 22A). In more detail, 

the global energy minima (state I) for both free PaLipA and the PaLif:LipA complex are found 

for the closed state (DCOM = 12.4 Å and 13.2 Å, respectively, ΔG  0 kcal mol-1 with respect to 
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DCOM = 11.6 Å). At DCOM ≈ 14.8 Å, both PMFs have a local minimum (state II) of similar height 

(ΔG  1 kcal mol-1). The corresponding energy well of the PaLif:LipA complex is extended 

until DCOM ≈ 16 Å. In contrast, the PMF for PaLipA rises steeply immediately following the 

local minimum. Finally, flat PMF regions are found for both systems at DCOM ≈ 20.6 Å 

(state III), but the configurational free energies with respect to the global minimum differ 

(PaLif:LipA: ΔG ≈ 2.9 kcal mol-1, PaLipA: ΔG ≈ 4.6 kcal mol-1). 

Furthermore, we computed the average β-sheet propensity of residues 17-30 of PaLipA with 

and without PaLif over the reweighted configurations from umbrella sampling for states I-III, 

respectively (Figure 22B). At the global minimum (state I), the β-sheet propensity averaged 

over windows 1 and 2 is significantly lower for PaLipA (~21 ± 6%) than in state II, averaged 

over windows 3 and 4, and state III, averaged over windows 9 and 10 (~ 60 ± 4% and 

~ 63 ± 3%, respectively). In contrast to PaLipA, in PaLif:LipA, state I (~ 94 ± 0.8%) has a 

similar β-sheet propensity as state II and state III (~ 75 ± 2% and 84 ± 1%, respectively). The 

difference between the average β-sheet propensities of states I of PaLipA and PaLif:LipA is 

highly statistically significant (p < 0.001). Similarly, for states II and III, the respective average 

β-sheet propensities of PaLif:LipA are significantly higher than those of PaLipA (p < 0.05 for 

both states). 

To conclude, the PMF computations reveal that the open state of PaLipA is disfavored 

compared to the closed state but that in PaLif:LipA the open state is 1.7 kcal mol-1 more 

favorable than in PaLipA. Furthermore, according to unbiased configurations from the umbrella 

sampling simulations, binding to PaLif significantly favors the formation of the -sheet in the 

region of residues 17-30, and this effect is most pronounced in the state I (~73 fold increase in 

the propensity). 
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Figure 22. PMF computation of the active site opening in PaLipA and the PaLif:LipA complex and average 
β-sheet propensities of residues 17-30 of PaLipA with and without PaLif for three states identified in the 
PMFs. (A) Configurational free energies of active site opening of PaLipA as a function of DCOM used as a reaction 
coordinate for free PaLipA (black) and the PaLif:LipA complex (orange). The standard deviation for all data 
points is < 0.002 kcal mol-1 computed by bootstrap analysis. Roman numbers indicate the identified states. 
Representative structures for states I-III are shown as cartoons for PaLipA (top) and PaLif:LipA complex 
(bottom), respectively. The PMF values at DCOM = 11.6 Å were set to zero, respectively. (B) Per-residue averaged 
β-sheet propensity for residues 17-30 of PaLipA, calculated across the US windows corresponding to the states I-
III as described in (A), using reweighted (unbiased) configurations for PaLipA (top) and the PaLif:LipA complex 
(bottom). The table at the bottom displays results from comparing β-sheet propensities between PaLipA and 
PaLif:LipA. Error bars indicate the SEM and statistically significant differences calculated with the Student’s t-
test were indicated by “*” p-values < 0.05 and “**” p-values < 0.001. 
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6.2.3 PaLipA released from PaLif loses its lipolytic activity over time under in vitro 

conditions 

To validate the above computational finding, biochemical experiments were performed in 

which a catalytically inactive PaLipA variant, in which amino acid S82 of the catalytic triad is 

mutated to alanine, was used in addition to wild type PaLipA. Purified PaLipAS82A was 

renatured and used for complex formation with PaLif at 1 μM concentration. According to the 

results of thermal unfolding experiments carried out with differential scanning fluorimetry, 

PaLipAS82A forms a complex with PaLif that has stability similar to that of PaLipA with PaLif. 

As expected, no catalytic activity is found for the PaLif:LipAS82A complex, in contrast to the 

PaLif:LipA complex. After dilution of the PaLif:LipAS82A complex to 1 nM, renatured PaLipA 

was added in excess at a concentration of 100 nM, followed by three h incubation. The addition 

of PaLipA to the PaLif:LipAS82A complex restored activity to ~90 % of that of PaLif:LipA, 

indicating that PaLipA replaces PaLipAS82A and then becomes activated by PaLif. 

Finally, a complementary experiment was performed in which 50 nM PaLif:LipA complex was 

supplemented with 50 nM or 100 nM PaLipAS82A, and with buffer as control, followed by 

determination of the catalytic activity over time. After 145 min, the activity level decreased by 

about 15 % and 35 % in the presence of 50 nM and 100 nM PaLipAS82A, respectively, which 

indicates the replacement of PaLipA by PaLipAS82A and the subsequent loss of catalytic activity 

of free PaLipA in a PaLipAS82A concentration-dependent manner. Addition of 100 nM PaLif 

after 150 minutes restored catalytic activity, demonstrating that replaced PaLipA can be re-

activated by PaLif. 

6.2.4 PaLif binding affects the structural stability of key regions of PaLipA 

involved in the opening of the active site 

Our above shown results suggest that PaLif facilitates the opening of the active site in PaLipA 

and stabilizes the partial β-sheet structure in the region of residues 17-30. To understand the 
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underlying mechanism how PaLif binding influences the active site opening in PaLipA, we 

analyzed changes in the structural rigidity of PaLipA upon mutating residues of PaLif that 

interact with PaLipA using an ensemble- and rigidity-theory based perturbation approach [194] 

integrated into the CNA approach [211]. Initially, we identified interactions between PaLif and 

helix α5 as well as residues 17-30 of PaLipA based on the Cα-Cα distance matrix averaged 

over the six unbiased MD simulations of the PaLif:LipA complex (Figure 23A). In total, 13 

residues of PaLif were identified (195-203, 213, 217-220) that are in direct contact with the 

region of residues 17-30 of PaLipA (Figure 23B). By contrast, no residues of PaLif were 

identified that interact with helix α5. 

 

Figure 23. PaLif residues interacting with PaLipA. (A) Average Cα-Cα distance matrix calculated for the 
PaLif:LipA complex over six unbiased MD simulations of 1 μs length each. Residue pairs with a Cα-Cα distance 
< 10 Å are colored in red (see color scale) and considered in direct contact. Regions of helix α5 and residues 17-
30 in PaLipA are indicated by black lines. The SEM is < 0.1 Ȧ in all cases. (B) Close-up of the Cα-Cα distance 
matrix for residues 17-30 in PaLipA. Color code as in panel A. 

To probe a potential influence of PaLif binding on PaLipA stability, first, a conformational 

ensemble of the PaLif:LipA complex was generated from the above shown MD simulations, 

constituting the ground state. A perturbed state of the PaLif:LipA complex was then generated 
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by removing the side chain of a PaLif residue except the C  atom, mimicking a substitution to 

alanine, but keeping the structures of PaLif and PaLipA unchanged otherwise. This 

perturbation was carried out separately for each of the 13 above mentioned residues. The 

changes are quantified as residue-wise free energy  (section 2.6.6), a measure for 

structural stability [211]. Of the 13 residues tested, F195, R199, R203, D218, and R219 showed 

the largest effect on the structural stability of PaLipA (Figure 24). Upon perturbation of residue 

F195, the changes in  were largest for PaLipA residues 15-45, which form the oxyanion 

hole and the cleft of the active site, whereas residue R199 affects the stability of residues 15-45 

and in addition residues 255-268, which constitute the loop stabilizing the catalytic triad residue 

H251 (Figures 24A and 24B). Upon perturbation of residue R203, in addition to residues 15- 45, 

residues 142-144, which constitute the neighboring loop at the C-terminus of helix α5 also 

showed substantial changes in  (Figure 24C). By contrast, residues D218 and R219 

specifically affected the stability of region 17-30 of PaLipA (Figures 24D and 24E). Notably, 

all affected residues belong to the substrate binding site of PaLipA, which undergoes 

conformational rearrangements during activation. This finding indicates that the residues of 

PaLif that directly interact with PaLipA lead to a long-range impact on the structural stability 

of PaLipA regions (residues 142-144, 255-268 and 15-45) in the vicinity of PaLipA’s active 

site. 
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Figure 24. Potential influence of PaLif residues interacting with PaLipA on the structural stability of 
PaLipA. A perturbation approach implemented in CNA was applied on the ensemble of structures of PaLif:LipA 
generated by six unbiased MD simulations. (A) Left: Residues with  above the threshold of 0.1 kcal mol-1 

are depicted as spheres on the PaLif:LipA complex structure. Blue colors reflect predicted  values, the 
larger the value, the darker is the color. The perturbed residue F195 of PaLif (green, ball and stick representation) 
influences the stability of residues 17-30 of PaLipA (red). Helix α5 (orange) is shown in closed conformation 
occluding the binding site (yellow). Right: The histogram shows the per-residue  for PaLipA. The dashed 
line indicates the threshold value of 0.1 kcal mol-1 above which residues are considered affected in terms of their 
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structural stability. Residues forming helix α5, the catalytic triad, and region 17-30 are highlighted in orange, 
yellow, and red, respectively. Other residues with  above the threshold are highlighted in blue. (B) As in 
panel A for the perturbation of residue R199 of PaLif. (C) As in panel A for the perturbation of residue R203 of 
PaLif. (D) As in panel A for the perturbation of residue D218 of PaLif. (E) As in panel A for the perturbation of 
R219 of PaLif. The standard error of the mean is < 0.05 kcal mol-1 for all residues in all cases. 

6.3 Conclusion and significance 

In this study, we have shown at the atomistic level that the steric chaperone PaLif catalyzes the 

activation process of PaLipA by structurally stabilizing the intermediate PaLipA conformation, 

particularly the -sheet in the region of residues 17-30, such that the opening of the lid domain 

is facilitated. This opening allows substrate access to PaLipA’s catalytic site. 

The principal results of this study are: 

 A partially open conformation was reached when starting MD simulations from either 

the closed or the open state of PaLipA. 

 The partially open state is more favored than the closed state of PaLipA when bound to 

PaLif. 

 The open state of PaLipA is disfavored in terms of free energy compared to the closed 

state. However, in the PaLif:LipA complex, the open state is relatively more favorable 

than in free PaLipA. 

 PaLif significantly favors the formation of the -sheet in the region of residues 17-30 

in PaLipA. 

 The closed-to-open transition of PaLipA is a reversible process, and PaLif is required 

for the conformational transition of PaLipA to the open state as well as to stabilize 

PaLipA in the open conformation under in vitro conditions. 

 Specific PaLif residues that directly interact with PaLipA lead to a long-range impact 

on the structural stability of certain regions (residues 142-144, 255-268 and 15-45) of 

PaLipA in the vicinity of the active site. In particular, the partial β-sheet structure of 

residues 17-30 is affected, which has been shown to foster the opening of the active site. 
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Our results shed light on the molecular mechanism of a steric chaperone. They explain how 

PaLif directly catalyzes the folding process of PaLipA by imprinting the essential steric 

(structural) information onto the target protein. PaLif structurally stabilizes an intermediate 

PaLipA conformation, particularly a -sheet in the region of residues 17-30, such that the 

opening of PaLipA’s lid domain is facilitated. 
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7. SUMMARY AND PERSPECTIVES 

This thesis aimed to understand the molecular mechanism of PaLipA activation mediated by 

its specific foldase PaLif. In order to achieve that, I applied MD simulations, CNA and free 

energy calculations in combination with experimental data to improve our understanding of the 

energetics and dynamics of the activation process. 

PaLif- a structurally minimalistic, highly flexible steric chaperone 

Until now, Lif appears to be non-crystallizable in the absence of its cognate lipase. All attempts 

of many structural biology groups remained unsuccessful. In this work, first, I computationally 

investigated the structural dynamics of the individual domains of PaLif in the absence of 

PaLipA to correlate the structural-functional dynamics (section 4; publication I). My findings 

revealed that MD1 of PaLif is structurally stable in both free as well as bound form. By contrast, 

MD2 and EHD both undergo helix-loop transitions in the free form and gain helicality upon 

binding. Overall, PaLif adopted a more compact state but still highly flexible conformations in 

the free form. Further, we reweighted our simulations with data from FRET experiments 

performed in the lab of Prof. Dr. C. Seidel. In doing so, a representative simulation-based 

structural ensemble of PaLif conformations was obtained, which increased the resolution of our 

FRET data to the atomistic level. These conformations showed that MD2 and EHD drive the 

compaction of this chaperone in free state. Finally, I computed the degree of burial of the 

interface and hydrophobic SASA and number of polar interactions formed, for the 

representative ensemble of free PaLif in comparison to PaLif:LipA complex. It was found that 

compaction of the structure is majorly driven by the unsatisfied polar interaction in free PaLif. 

The partially buried interface and hydrophobic SASA in compact conformations indicates that 

PaLif holds the affinity to re-open in order to bind PaLipA despite the fickleness of the 

structure. However, it remains elusive whether binding of PaLipA to PaLif is driven by an 

‘induced fit’ mechanism or a consequence of ‘conformational selection’. 
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MD1 of PaLif- a binding platform for PaLipA 

As it was shown that MD1 is essential for the activation of PaLipA [112], which was further 

corroborated by its structural stability (section 4), we investigated its role in the activation of 

PaLipA and the underlying mechanism (section 5; publication II). Particularly, the PaLifY99A 

variant was investigated, first, in terms of binding affinity by in vitro experiments done in the 

lab of Prof. Dr. K.-E. Jaeger and Prof. Dr. Claus Seidel. A stronger binding was observed in the 

case of PaLif (KD = 39 ± 13 nM) as compared to the PaLifY99A variant (KD = 102 ± 35 nM). 

The changes in structural rigidity of PaLipA upon Y99A mutation were computed using the 

CNA approach on the conformational ensemble generated from MD simulations for 

PaLif:LipA. This allowed us to identify a long-range network of interactions bridging from 

Y99 of PaLif to the cleft of the active site of PaLipA formed by residues 17-30. Moreover, it 

indicates that a structural stabilization of this region might be essential for PaLipA activation. 

Furthermore, solution NMR structures of MD1 and the MD1Y99A variant have been solved in 

the lab of Prof. Dr. Manuel Etzkorn, refined via ff14SB force field with NMR restraints and 

deposited in the PDB (PDB code: 5OVM; BMRB code: 34175 for MD1 and PDB code: 6GSF; 

BMRB code. 34286 for MD1Y99A) (section 5; publication II). 

PaLif facilitates PaLipA activation by stabilizing the intermediate state 

Until now, our minimalistic knowledge about bacterial steric chaperones was restricted to the 

protease propeptides and fimbrial chaperones, which function intramolecularly [13]. Our 

research has added one more example of a membrane-bound steric chaperone, which executes 

its action by intermolecular interactions. Finally, to understand the underlying mechanism of 

PaLipA activation via PaLif, first, I used unbiased MD simulations, which allowed me to 

correlate the structural changes and the functional dynamics of PaLipA alone and in complex 

with PaLif (section 6.2.1; publication III). However, an understanding of the underlying 

energetics is also required. Therefore, a PMF was derived for the closed-to-open transition of 
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the lid in PaLipA and the PaLif:LipA complex with biased MD simulations. A quantitative 

assessment of the active site opening in terms of free energies was obtained. My findings 

showed that the overall open state of PaLipA is disfavored compared to the closed state. Yet, 

in the PaLif:LipA complex, the open state is more favorable than in PaLipA alone (section 

6.2.2). Furthermore, I also showed that the binding of PaLif significantly increases the 

formation of the partial -sheet structure in the region of residues 17-30 of PaLipA (section 

6.2.2). These findings, in combination with the in vitro experiments done in the lab of 

Prof. Dr. K.-E. Jaeger, led us to conclude that the closed-to-open transition of PaLipA is a 

reversible process. We further determined that PaLif is required for the conformational 

transition of PaLipA to the open state and for stabilization of the open conformation until it is 

secreted into the extracellular medium (section 6.2.3). Lastly, an in silico perturbation analysis 

was performed on the directly interacting residues of PaLif and PaLipA using the CNA 

approach (section 6.2.4). This analysis revealed that these residues lead to a long-range impact 

of the structural stability in the vicinity of PaLipA’s active site. In particular, these interactions 

stabilize the partial β-sheet structure formation of residues 17-30, which has been previously 

shown to foster the opening of the active site. 

Altogether, my work provides valuable insights into the molecular mechanism of action of a 

steric chaperone. It provides a detailed explanation of how PaLif directly catalyzes the 

activation process of PaLipA by imprinting the essential steric information, i.e., a partial β-

sheet structure onto the target protein. In conclusion, PaLif structurally stabilizes the 

intermediate conformation of PaLipA by stabilizing the structural changes required for the 

opening of the active site, which fosters the activation of PaLipA. 

PaLif:LipA- unravel kinetics and dynamics 

One major question that has been raised and remains unanswered is how the Xcp-secreton is 

involved in PaLipA secretion. In the future, insights into this process may provide valuable 
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information to unveil the remaining hidden kinetics of this system. A detailed understanding of 

the PaLif-mediated biogenesis of PaLipA is of great importance for comprehensive perception 

of the complete molecular mechanism of the active PaLipA production. Therefore, 

understanding the mode of action of these highly specific steric chaperones is of particular 

interest to be able to manipulate the efficiency and specificity of lipase secretion. 
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